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SUMMARY. 
Acetic acid and hydrogen bromide react 
in 0 0 the temperature range 408 - 490 . The process 
appears to be molecular and homogeneous. The 
products are methyl bromide, carbon monoxide 
and water. The kinetics are first order in 
each reagent, and the variation of rate constants 
with temperature is described by, 
-30,400 
k = 1011.67 e 
2 
RT 
-1 
c.c.mole. -1 sec. 
Added isobutene retards the rate of pressure 
increase from this reaction, and results in the 
formation of mesityl oxide and an isomeric mixture 
of methylbutenes. Mesityl oxide decomposes, 
under these conditions, to form a mixture of 
methylbutenes, carbon monoxide, isobutene and 
methane. The results are consistent with a 
reaction occurring between added isobutene and 
an intermediate, "Z", of the acetic acid - hydrogen 
bromice reaction pathway. 
Methanol, added to the acetic acid-
hydrogen bromide system, produces a delay-time on 
the pressure-time profile. During this delay-time, 
J 
methyl acetate and water are the major products. 
Subsequently, methyl bromide and carbon monoxide 
are formed in significant amounts. Methyl 
acetate reacts with hydrogen bromide to produce 
methyl bromide, carbon rr.onoxide and methanol. 
Again, the data are consistent with a reaction 
between an intermediate, "Z", and the added 
methanol. 
Figure C, which is a composite of Figures 
A and B, summarises the above reactions of "Z". 
FIGURE C. 
r 
methylbutenes, CO, 
isobutene, CH 4 
(CH3 ) 2CCH.COCH 3 +HBr+H 20 
JI i 'bene 
Ch 3 COOH+HBr~ Z+E 20 > CH 3 Br+CO+H 2 0 
products of 
decorr.posi tion. 
1 l CH3 0H 
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INTRODUCTION . 
Pyro l ytic eactions may be considered as 
proceeding by either of two general mechanisms, viz . , 
free-radical chain-mechanisms, and molecular mechanisms . 
Free- r a d cal chain-mec hanisms are initiated 
by homoly tic1 bon d fission and involve a sequence of 
elementary reactions . The role of the so called 
"propagation" steps as seen in the classical Rice-
Herzfeld2 chain is central. The bulk of the thermal 
decompositions of the structurally less branched 
molecules proceed by such mechanisms . 2 ' 3 Data such 
as the nature of the reaction products, the kinetic 
behaviour, and the influence of free -radical scavengers 4 
usually allow this mode of decomposition to be 
distinguished . 
For the purposes of this discussion, molecular 
reactions may be regarded as those not proc eeding via 
the free-radical chain-mechanism. The mechanism may 
involve one or more elementary steps but does not 
generate free-radicals nor involve chain propagation 
steps. The question now arises as to the nature of 
the bond breaking and bond formation processes which 
r 
I 
I 
I 
I 
l 
I 
2 • 
occur during a molecular reaction. Thirty four years 
ago,Winkler and Hinshelwood5 noted that "At present, 
there seems to exist a definite gap between react ions 
in the gas-phase and reactions in solution. The 
prevalence of ionic mechanisms among reactions in 
solution examplifies this fact." More recently, 
6 7 Maccoll and Thomas and Ingold have proposed that 
heterolysis 8 could be important in certain molecular, 
gas-phase reactions. 
Since these proposals, a number of eliminations 
from alkyl halides, of the type: 
have been shown to be unimolecular. The subject has 
been closely reviewed. 9 Essentially, the rate of 
elimination from alkyl chlorides, bromides and iodides 
is affected by substituents in the side chain in a 
manner closely resembling the effects observed for 
such substituents in SNl reactions in polar solvents. 
Additionally, for the whole reaction series the 
activation energy is a function of the heterolytic 
b d d . . . 11 . on issociation energy, but not of the homolytic 
b d d . . . 12 . on issociation energy. Data obtained from 
.. 
I 
I 
I 
I 
3. 
13 differing pyrolytic techniques such as the shock tube, 
flow; 4 and static reactors are in good agreement. This 
latter point provides strong evidence for the operation 
of these reactions in the gas-phase. 
15 Further, Maccoll and Thomas hav e v1ic~ened 
the applicability of "quasi-heterolysis" to the gas -
phase, molecular decompositions of certain esters and 
vinyl alkyl ethers. At the same time, however, it was 
recognised that a number of reactions, such as the 
• 
1.. 16 17 pyrolysis of cyclobutane, ' display homolytic 
characteristics. 
Substituent Effects in Hydrogen Halide Catalysed 
Decompositions. 
An interesting field has been opened up by 
the discovery of hydrogen halide catalysis of certain 
molecular decompositions in the gas-phase. Maccoll 
18 · 
and Stimson established that the decomposition of 
19 20 t-butyl alcohol ' is catalysed by hydrogen bromide 
at measurable rates in the temperature range 217-422°. 
The kinetics of the reaction are 1, 1 in acid and 
alcohol; the stoicheiometry is: 
~ 
I 
I 
4 • 
Again, the rate of dehydration oft-butyl 
alcohol is enhanced by the presence of hydrogen chloride, 21 
although the enhancement of rate is only c. 1/30 of that 
observed with hydrogen bromide. 
This study of hydrogen halide catalysis has 
been extended to cover the reactions of hydrogen 
22 bromide with the alcohols: isopropyl alcohol, t-pentyl 
23 24 
alcohol, and butan-2-ol. In each case, hydrogen 
bromide catalyses the rate of olefin elimination, and 
the processes are first-order in each reagent. 
Maccoll and Thomas 15 have proposed that "the 
great body of theory which has been developed to 
account for ionic reactions of organic compounds in 
polar solvents may be applied to these heterolytic 
gas-phase reactions." The inductive effects of 
substituents explain many of the characteristics of 
polar reactions in solution, and it appears that 
similar criteria apply to the hydrogen halide catalysed 
decompositions of alcohols. 
For the alcohols whose decompositions have 
been studied in the presence of hydrogen bromide, the 
effect of J3 -methyl substitution is slight. Thus, 
r 
I 
I 
at 430° relative rates are: 
butan-2-ol: propan-2-ol=l.9:l 
On the other hand, the effect of J.-methyl 
substitution is quite marked. 
0 400 are: 
Relative rates at 
t-butanol: isopropanol= 62:1 
t-pentanol: butan-2-ol= 57:1 
5. 
These relative rates for cl-methyl substitution 
are evidence for the importance of electrostatic 
forces in the reaction. The results are consistent 
with a process involving electrophilic attack on a 
"basic" oxygen atom. 
The variation in reaction rate with changing 
hydrogen halide catalysts has been comprehensively 
studied and a general trend appears. The rate with 
whi ch hydrogen chloride catalyses the dehydration 
of t-pentyl alcoho1 25 at 410~ is 27 times slower 
than that with hydrogen bromide. This difference . in 
relative reactivity of the hydrogen halides is closely 
similar to that observed for t-butanol decomposition. 
Further, hydrogen iodide catalyses the molecular 
dehydration of isopropyl alcohol. 26 In the early 
6 • 
stages of reaction the usual 1, 1 kinetic form applies; 
subsequently, interference resulting from iodine 
formation becomes important. The initial rate exceeds 
that of the corresponding hydrogen chloride and 
hydrogen bromide catalysed reactions in the ratios 
100:1 and 5:1, respectively. 
With a view to further investigating the effect 
of increased basicity on the oxygen atom, the influence 
of hydrogen halides on a number of ether de~ompositions 
was examined. Hydrogen bromide catalyses the 
elimination of olefin from t-butyl methyl ether27 
according to the stoicheiometry: 
Kinetics were of similar type to those ob served for 
the reactions of the alcohol series. 
Again, hydrogen bromide catalyses the 
d . t . f b 28 . ecomposi ion o t- utyl ethyl ether. Two reactions 
appear to take place. In the major reaction, isobutene 
and ethanol are formed in a molecular p r oces s whi c h 
is described by kinetics which are first order in each 
reagent, and in which hydrogen bromide is not consume d . 
The accompanying reaction yields isobutane as the 
major product and is considered to proceed by a 
7 • 
radical-chain mechanism. The kinetics of this latter 
process are first order in ether and zero order in 
hydrogen bromide. Relative rates of isobutene 
production from both methyl and ethyl ethers fitted 
well in the rate sequence for hydrogen bromide catalysed 
elimination of olefins from alcohols, e.g., at 600°K: 
iso-ProH : t-BuOH:t-BuOMe:t-BuOEt =0.01:1:4.0:5.6 
Activation energies for the corresponding, 
molecular decompositions of these ethers catalysed 
by hydrogen chloride, are a few kilocalories higher~ 9 , 3o 
The contribution of a simultaneous, free-radical 
process to the overall rate of the t-butyl ethyl 
ether reaction with hydrogen chloride is less significant 
than in the parallel hydrogen bromide catalysed system. 
The possible kinetics governing hydrogen halide 
participation in chain reactions have been analysed in 
detail.31,32,33,34 
From the alcohol and ether series of reactions, 
a summary of those results which are of prime importance 
to the elucidation of a general reaction mechanism 
would be: 
1) A marked increase in rate follows methylation 
at a position most likely to increase the 
I 
I 
I 
basicity of the oxygen atom, vi z. , ol to 
the reaction site, 
II) the rate of catalysis by hydrogen iodide 
is significantly faster than that by 
hydrogen bromide ~hich, in turn, greatly 
exceeds that by hydrogen chloride. 
8 . 
Recently, the decompositions of certain 
aliphatic, acyl compounds in the presence of hydrogen 
halides have been shown to represent further examples 
35 
of gas-phase catalysis. Cross and Stimson report 
that hydrogen bromide enhances the rate of molecular 
decarbonylation of trimethylacetic acid, in the 
temperature range 340-460°. Kinetics are first 
order in each reagent, and the following 
stoicheiometry was confirmed : 
(CH3 ) 3CCOOH + HBr 
At 369-454°, in an analogous reaction, hydrogen 
bromide catalyses the decomposition of isobutyric acict? 
Arrhenius parameters are similar for both reactions, 
and are listed in Tatle 1. 
I 
J 
. 
9 • 
TABLE 1 ARRHENIUS PARAMETERS FOR THE REACTION 
OF HYDROGEN BROMIDE WITH CARBOXYLIC ACIDS 
Compound E 
(cal.mole- 1 ) Log . A 
Ref. 
Pivalic acid 
Propionic acid 
Isobutyric acid 
a Methyl formate 
31,660 
33,000 
33,170 
32,300 
12.28 
12.87 
12.50 
35 
38 
36 
41 
a. For the purpose of comparison, methyl formate 
is considered as belonging to the same reaction 
type. 
The study was broadened to include the 
reaction of hydrogen bromide with methyl 
trimethylacetate37 . The reaction parallels that of 
the two carboxylic acids in the observed 
stoicheiometry : 
However, isobutene production proceeds at 
a rate which departs considerably from the kinetics 
governing previous decarbonylations. A progressive 
fall-away in the rate of pressure increase occurs; 
I 
I 
i 
I 
J ' 
measurement of initial rates indicates that the 
reaction, in its early stages, does otey a 1,1 
kinetic form with rate directly proportional to the 
pressure of hydrogen bromide. Comparison of the 
initial rates of hydrogen bromide catalysis of the 
decompositions of pivalic acid and its methyl ester 
at 407°, show the latter reaction to be faster by a 
10. 
factor of c.2. This observation is consistent with 
the polar effect which might be anticipated from the 
methyl group. 
The cause of the deviations from 1,1 
kinetics in the reaction between methyl trimethylacetate 
and hydrogen bromide were elucidated from a study of 
the effect of addition of methano1 37 to the reaction 
mixture. Added methanol was found to produce a 
marked decrease in the initial rate of reaction. 
Further, addition of ethanol to the pivalic acid -
hyGrogen bromide system at 407°, resulted in a 
significant, initial delay period appearing on the 
pressure versus time plots. 
More experiment uncovered the effects of 
water, and other alcohols. The results of these 
studies were explained in terms of a reaction 
!I 
I 
I 
I 
11 . 
proceeding through an intermediate, Z, which has a 
lifetime of the order of time taken for several 
collisions, and which is common to the reaction 
pathways of both the pivalic acid-hydrogen bromide and 
methyl trimethylacetate-hydrogen bromide reactions. 
The reactions may proceed through the reversible 
steps: 
--....;>• products 
--"""".:>:S products 
Methanol has the effect of strongly reversing 
the initial equilibrium. Water, on the other hand, 
appears to have little effect. The overall reactions, 
including those with several alcohols, are surnmarised37 
in Figure 1. 
I 
I 
I 
r 
FIGURE 1. 
Me 3cco 2Me-
FLOW DIAGRAM FOR REACTIONS 
OF ADDITIVES WITH Zo 
-
-
E+OH _ 
-
n Pr OH .... 
-
12 . 
Isopropanol has also been reported as causing 
alteration in the course of hydrogen bromide catalysed 
d 
· t· f · 1 · ·a39 d th 1 · 1 t 40 ecomposi ions o piva ic aci an me y piva a e . 
Accordingly, the relative effectiveness of additives 
0 in disturbing normal decarbonylation at 407 follows 
the sequence: 
water « methanol > isopropanol 
1-
: 
I 
13 . 
A rationalisation of this differing reactivity 
towards Z may be that it fundamentally reflects the 
basicity of the reagent and is modified by steric 
requirements. The position of water is obscure, but 
it may be that the appropriate bond energy is such 
as to make the ac t ivation energy relatively h igh. 
Certainly, the homolytic bond energy (DH-OH= 118 k. 
cals. mole- 1 ) is higher than in the alcohols (D CH3o-H
41
= 
-1 42 -1 102k.cals. mole , n cH3 -oH = 9lk.cals.mole ) 
and the heterolytic bond energy is likely to be also 
higher. 
The hydrogen bromide catalysed decomposition 
43 
of methyl formate complements the overall picture. 
Despite the relatively meagre structural branching i n 
this compound, a molecular reaction producing carbon 
monoxide and methanol is observed. Arrhenius rate 
parameters are again comparable with those obtained for 
the corresponding reactions of pivalic and isobutyric 
acids, (Table l) . 
added methanol. 
The reaction is not reversed by 
To summarise, it can be said that the elegant 
studies of the hydrogen halide catalysed reactions 
1!11 
I 
I 
14 . 
carried out by Stimson an·d his co-workers have shown 
that the reaction-type appears to be a general one 
for alcohols, ethers, carboxylic acids, and their 
esters. The effects of substituents upon the 
reactions of alcohols and ethers are well described 
by the polar effects of these substitu ents a s seen 
in polar reactions in solution, and in the "quasi-
heterolytic" gas-phase decompositions. Similarly, 
the reactivities of the various hydrogen halides 
studied,are in accord with their heterolytic bond 
. 
energies. 
The Transition State for Carboxylic Acids 
A heterolytic mechanism has been favoured. 
For the catalysed decompositions of carboxylic acid s 
and their esters Stimson; 0 considers that , in terms 
of a polar mechanism, the following steps are likely: 
R1COOR + HX , :::. ~COOH+R X- sc:: ::-,..(d_co x-J t-ROH 
l 
olefin +HX+CO+ROH 
where R - H for acids, and R = CH 3 for methyl esters. 
15 . 
In this context, the representation which 
corresponds to an ion-pair excited state of the 
acyl halide adequately fits the requirements of a 
common intermediate, Z. It is consistent with the 
differing reactivity towards methanol shown by the 
methyl formate intermediate, in this c ase (Hc+o Br-J 
and that intermediate from the tertiary compounds, 
( ( cL.
3
) 
3 
cc+ o Br - ) . The former transition state could 
be expected to have an insufficient lifetime for 
reaction with added methanol. However, the ion-pair 
resulting from protonation of the acid or ester remains 
a distinct possibility as the "common" intermediate; 
although the moiety differs skeletally in acid and 
ester reaction schemes, this may not necessarily 
reflect differing reactivity towards an a dded alcoho l. 
From the postulation of a polar acyl halide 
transition state, the question immediately arises as 
to the stability of the corresponding covalent compound, 
under these conditions. The thermal decomposition of 
pivalyl chloride 44 into isobutene, carbon monoxide 
and hydrogen chloride has been investigated. The 
rate of decarbonylation is sufficiently rapid as not 
to contradict the formulation of an acyl halide type 
I 
I 
16 
intermediate in the hydrogen chloride catalysed 
decomposition of pivalic acid. 
In this thesis, the reaction of acetic acid 
with hydrogen bromide is reported. At the time of 
commencing this work, it was known that the decompos-
ition of trimethylacetic acid was catalysed by 
hydrogen bromide, and that olefin, carbon monoxide, 
and water were the products. This reaction appeared 
a brilliant extension of the studies of the catalyses 
of alcohols and esters, in which sufficient branching 
in the side-chain appeared essential to permit 
elimination of olefin. Since the protonation of 
carboxylic acids by strong mineral acids was well 
known in solution, 45 it did seem that interactions in 
the gas-phase were likely. Examination of the acetic 
acid-hydrogen bromide system, while not providing 
the possibility of olefin elimination and catalyst 
regeneration, appeared worthwhile. 
such an examination are now reported. 
The results of 
CHAPTER I:- THE GAS-PHASE REACTION OF 
ACETIC ACID WITH HYDROGEN 
BROMIDE AT 408 - 490°. 
I 
! 
' 
17. 
EXPERIMENTAL. 
A. APPARATUS AND TECHNIQUE 
1) Vacuum Line and Furnace. 
Figure 2 illustrates the essentials of the 
static system used to measure reaction rates . 
Reactions took place in a pyrex vessel (designated 
a in Figure 2) of volume 250 c.c. 'sand with surface 
to volume ratio of O.Bcm- 1 . This vessel was connected 
to a vacuum line by 30 ems. of 1.5 m.m. bore, 
capillary tubing (b). 
was a u.-bend (d), l" 
e 
Next to the II pot-tap" ( !! ) 
in depth. Vacuum was maintained 
by a Metrovac G .D.R.l two-stage oil pump (e) in 
series with a two-stage mercury diffusion pump (f) 
Gaseous reactants were stored in 5-1 bulbs (g). 
Liquid reagents were kept in tap-vessels inserted into 
section (h) of the line when required. 
The reaction vessel was placed in a cylindrical 
aluminium furnace ( j) ( 12 11 x 6 11 ) wound with resistance 
wire (Brightray C, 1.7 ohms. ft.- 1 ). The furnace was 
held in a container filled with asbestos wool. 
I 
I 
g 
k 
m 
1 
f 
. 
J 
o-~ N2. SOUR:E o· e 
FIG.2 APPARATUS 
18 . 
2) Pressure Measurement. 
Reaction rates were obtained by measuring 
rate of pressure change. 
The manometer (k) was separated from the 
reaction vessel by a thin, glass diaphragm (1 ) 
which acted as a null point gauge. Dry, oxygen-
f · 46 d . 1 th ree nitrogen was use to manipu ate e mercury 
level in the manometer and entered the line through 
a 2 m.m., Springham Ltd., greaseless tap (m). 
The null point detector was calibrated by 
simultaneously filling the reaction vessel and manometer 
with identical pressures of hydrogen bromide. The 
''true" pressure in the reaction vessel was given by 
the pressure of hydrogen bromide in the manometer. 
This value was then compared with that indicated by 
diaphragm movement and found to be 0.05 ems. higher. 
"True" pressures were obtained by adding O.OScms. to 
the manometer readings. The value of this correction 
did not vary with change in pressure or the temperature 
of the reaction vessel from 400 - 490°. 
I 
I 
19 " 
3) Temperature Control and Measurement . 
0 Temperature was held constant to+ 0.2 by 
an A.E.I. Ltd., RT3/R Mk.2 temperature controller. 
Measurement was with either a chromel-alumel thermo-
couple or a platinum vs. platinum+ 10% rhodium thermo-
couple , connected to a Cambridge Ltd., vernier 
potentiometer. Both thermocouples were calibrated 
against a standardised47 (National Bureau of Standards, 
Australia) platinum vs. platinum+ 10% rhodium probe. 
Condensation of acetic acid in the capillary 
section (b) was prevented by heating with resistance 
wire (Brightray C, 1.7 ohms. ft.- 1 ) between the gauge 
and ''pot~tap". Two independently controlled circuits 
along this length maintained the tempera t ure at 1 30°. 
4) The Reaction Vessel. 
The surface was coated with decomposition 
products of 
(i) 
(ii) 
allyl bromide at 420°. 
0 
cyclopropane at 470 . 
Finally, the surface was "seasoned" with many reactions 
of acetic acid with hydrogen bromide at 412°, and 
reproducible rates were obtained. 
5) Regreasing the "pot-tap". 
Dow Corning Corp. high vacuum silicone 
grease was used to lubricate the heated "pot-tap" 
(c). Removal and regreasing was usually required 
fortnightly. While regreasing, air was excluded 
from the evacuated reaction vessel by blocking the 
U-bend (d) with a frozen plug of ethanol. This 
20. 
barrier proved firm and impenetrable to air despite 
one atmosphere pressure differential across it. 
Rate constants before and after regreasing by this 
method were the same, within experimental limits. 
b) Method of Sample Introduction. 
Individual runs were carried out by firstly 
distilling acetic acid into the reaction vessel via 
Urbend (d) . The sample was volatilised from the U-
bend and its pressure measured. In the temperature 
48 
range of this study acetic acid exists as the monomer. 
Hydrogen bromide was immediately admitted by the 
"blow-in" technique and pressure, time readings 
taken. The initial pressure of the mixture was 
obtained by extrapolation of total pressure to zero 
time . The initial pressure of hydrogen bromide was 
then calculated by difference. 
21. 
B. MATERIALS 
Hydrogen bromide (Matheson, purity 99.8%) 
was used after successive distillations through a 
0 
-80 trap. 
Acetic acid (May and Baker, 'Pronalys' 
reagent, assay 99.7%) was fractionated through a 
column (18" x ½'') packed with Fenske' helices. The 
fraction boiling at 117.2° ± .01/728.7 m.m. 
49 (literature 
118.1/760 m.m.) was collected. 
the sample confirmed the purity. 
A mass spectrum of 
Matheson's nitric oxide (purity 98.5% 
minimum) was twice passed through a -80° trap, with 
initial vacuum not less than 10- 4 Torr. 
Acetyl bromide (B.D.H., A.R. grade reagent) 
0 
was pumped through a trap held at -80 . Any acetic 
acid impurity was collected in this trap, along with 
most of the acetyl bromide. Possible traces of 
hydrogen bromide in the original sample were pumped 
off. An ice, brine bath was then substituted for the 
dry ice, acetone mixture and the volatiles from this 
trap collected at -196°. The process was repeated; 
22 
a mass spectrum of the final distillate indicated pure 
acetyl bromide, containing no traces of acetic acid. 
Ketene was prepared by decomposing acetic 
anhydride (May and Baker, lab. reagent) in the 
reaction vessel above 420°. Reaction time was no 
longer than one minute. The reaction mixture was 
pumped through a -80° trap and the -196° condensibles 
collected. No permanent gas was detected at the 
pump. After recycling the liquid nitrogen 
0 
condensables through the -80 trap, the mass spectrum 
of the sample corresponded to that of ketene, with 
5% diketene. The ketene was stored at -196° under 
vacuum and was held at room temperature for no longer 
than two minutes before each usage. 
Methyl bromide (B.D.H. laboratory reagent) 
was redistilled under vacuum 
C. THE THERMAL DECOMPOSITION OF ACETIC ACID 
Bamford and Dewar SO have measured the 
kinetics of acetic acid deomposition in a flow system 
above 700° and report a major first order reaction 
producing ketene and water. Extrapolation of the i r 
results predicts that the acetic acid-hydrogen 
~ 
I 
I 
I 
I 
• 
23 
bromide reaction is c.10 3 as fast at 490°. 
More recent51152 studies of this 
decomposition above c.450° indicate that ketene 
formation follows a second order form, at least in 
the early stages of react.ion (c.5% decomposition). 
Rates of decomposition obtained in this study were 
measured from pressure, time data over c.10 mins. 
of reaction at 462.3°. A first order treatment, 
assuming a stoicheiometry in which one mole forms two 
moles, was applied to these results so as to obtain 
an approximate measure of rate, ("k 11 = 2 X 10-S 1 
. -1 
min. for 3 runs, po 56.2 - 123.8 m.m.). 
HOAc 
These 
values are of the order of those obtained by Blake 
and Jackson 52 and indicate that no correction to the 
acetic acid-hydrogen bromide rate, up to 490~ was 
necessary for the accompanying decomposition. 
Do KINETICS 
a) Order of the Reaction 
(i) Determination from overall rate 
In every case the pressure of the reaction 
mixture increased logarithmically with ti~e . 
I 
I 
I 
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Empirically, the reaction was found to obey a second 
order rate law with first order consumption of each 
reactant, viz: 
k2 . t - ___ l __ _ 0 0 ln p HBr (p HOAc- ~ p) 
0 0 
p BOAc-p HBr 0 0 p HOAc (p HBr - ~ p) 
where 
~ p is the pressure increase a t any time, t, 
0 0 P HOAc and P HBr are the initial pressures of 
acetic acid and hydrogen bromide respectively; 
k 2 is the second order rate constant in units 
. -1 pressure.time. 
This expression is meaningful only when the 
initial pressure of acetic acid is greate r than that 
of hydrogen bromide. For the reverse situation the 
expression is easily modified. 
Figure 3 and Table 2 give the results of 
typical runs at 424° and 487.4°, and illustrate the 
satisfactory nature of the second order treatment. 
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TABLE 2 ~ SECOND ORDER ANALYSIS OF PRESSURE= 
TIME DATA AT 424° AND 487 . 4° ~ 
424 0 Temperature 
0 
t pt ..6.P 
(rnins .) (rn.,rn) (rn .. rn) 
p HBr -~p 
0 
2 
4 
6 
8 
10 
(rn ~rn 
338 6 9 . 0 166 ~1 
347.4 17.8 157 . 3 
355 .1 25 . 5 149 . 6 
361.8 32 2 142 ~9 
367.8 38 . 2 136 . 9 
0 
p HOAc -~p 
(rn . rn 
15 4 . 5 
145 5 
136 . 7 
129.0 
122 . 3 
116 . 3 
poHBR -,6.~log(poHBr-AP) 
po HOAc..6. p po HOAc ~p 
1 .. 133 
1 .. 42 
1 .151 
. 160 
1 .16 8 
1 ., 177 
0,, 054 
0.058 
0 . 061 
0.067 
0 . 071 
Po - 175 01 HBr - m . m . ; 
0 
pHOAc = 154 . 5 m, m~ ; 
k2 = 133 
-1 -1 
c.c. mole . sec . 
T t 487 0 ernpera ure 
t pt 
(rnins. ) ( 
m . rn . 
0 193.5 
2 206.8 
4 218 . 0 
6 226.6 
8 232 .5 
10 236.5 
0 
PHBr = 
k2 
~p 
rn . m o) 
0 
13 . 3 
24 . 5 
33.1 
39 0 
43.0 
0 
p - ~p 
HBr 
(rn • rn. 
65 .. 5 
52 o 2 
41 . 0 
32 .. 4 
26 ,, 5 
22 5 
65 . 5 m. m 0 PHOAc 
;: 833 C C . mole . 
128.0 1 . 954 
114.7 2 0197 
103.5 2 . 524 
94.9 2.929 
8 9 .. 0 3 . 358 
85.0 3 . 778 
-= 128 . 0 m. m. 
-1 -1 
sec. 
0 .. 291 
0.342 
0.402 
0 . 467 
0 526 
0 0577 
! 
26. 
A sample of the detailed calculation of 
second order rate constants from pressure, time data 
is to be found in part (iv) of this section. 
In general, reactions were followed to 60% 
loss of the limiting reagent at higher temperature, 
and to c. 30% at the bottom of the temperature range. 
(ii) Determination from initial rates. 
A further check on kinetic order was provided 
by assuming the order in one reactant and determining 
that in the other. More explicitly, for the reaction 
1.0 order in hydrogen bromide and an unknown, nth, 
order in acetic acid the rate equation may be written 
as: 
rate. log i log k + n.log p~OAc 
0 
p HBr 
where rate . is the initial rate of the reaction and 
i 
the initial pressures of acetic acid and hydrogen 
0 0 bromide are represented by p HOAc and p HBr respectively, 
and k is the velocity constant. Thus, for a 1, 1 
reaction, a plot 
yield a straight 
f 1 rate . . o og. i against 
0 
line with g¥6pe 1.0. 
0 log pHOAc should 
0 
p HBr 
(m. m) 
58.9 
67.7 
68.4 
75 . 2 
89.8 
99.4 
100.0 
103.8 
158.0 
27 . 
Experimentally, the initial reaction rate 
was determined from the slope of the pressure, time 
curve over the first two minutes of reaction at 424°. 
Relevant data for a number of runs so treated appear 
in Table 3, and the graphs are shown in Figure 4. 
TABLE 3. 
0 log. PHOAC 
0 (m. m. ) p HBr 
1.7701 41.9 
TREATMENT OF INITIAL RATE DATA FOR RUNS 
AT 424.4° 
log. -1 -log. -log. rate. k 2xl0 l rate . 0 (1:1.m!.l) ( C. C. rate. PHOAC 1 i i 
min. mole.:.1 0 0 PHOAC. sec. ) PHBr 
1.622 0.5 14.0 2.036 1.923 
1.8306 138.1 2.140 1.6 13.6 1.627 1.936 
1.8351 119.0 2.076 1.4 13.2 1.688 1. 9 30 
1.8762 134.4 2.128 2.0 14.0 1.587 1.827 
1.9533 62.3 1.795 0.9 13.3 2.000 1.841 
1.9974 44.6 1.649 0.8 14.7 2.087 1.746 
2.000 205.5 2.313 4.2 14.9 1.377 1.690 
2.0161 38.2 1.582 0.7 13.8 2.174 1.747 
2.1987 49.4 1.694 1.2 13.3 2.137 1.615 
168.4 2.2264 14 4. 6 2.160 4.2 12.8 1.604 1.537 
199.0 2.2989 294.2 2.469 10.3 13.6 1.286 1.456 
242.1 2.3840 82.4 1. 916 3.2 12.0 1.879 1.411 
TREATMENT OF INITIAL RATES 
0 
AT 414 FIG.4 
·- u 
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28 . 
In each plot the unknown, n, had a value 
between 0.9 and 1.0 as given by the slope of reasonably 
well fitting lines drawn through the scatter of points. 
The removal of points from any such line is not excessive 
considering the methods involved. Considerable error 
arises, mainly from an uncertainty in measuring initial 
rates. Measurement of the slope of the rate profile 
within the initial period which contains only two 
experimental points is prone to error. 
(iii) Variation of rate constants with initial 
pressure of reactants. 
As required by the proposed kinetic law, 
second order rate constants were unchanged, within 
experimental error, over an eight-fold variation in 
the initial pressure of each reactant. 
Plots of k 2 against the initial pressure of 
both acetic acid and hydrogen bromide are shown in 
Figure 5 for 424°, and confirm that the process . is 
first-order in each reagent. Similar results were 
obtained at each temperature (Appendix I). 
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iv) Calculation of second order rate constants 
Rate con tants were determined from in tial 
reactan pressures in conjunction with rates of pressure 
increaseo The second order kinetic focm has been 
defined (p .., 24) ., 
0 For convenience, log .. pHOAc - ~p was 
-Ap 
plotted against time (mins~). The slope of he 
resultant straight line was multiplied by the factor 
2 .3 03 
This gave a value for the rate constant 
in units of -1 m.mc , -1 min .., 
• Conversion to units of 
-1 -1 
c.c. mole . sec . was guided by the following 
considerations : 
k = 2 
with pressure in 
( 1 ) 
0 
PHBr 
l 
( 0 ) 
PHOAc 
-1 the units of k 2 are m. m.., 
. -1 
min . From the Equation of State for ideal gases, 
-1 -1 the units are converted to c .. c . mole. sec in the 
expression: 
k2 = 760xRT {£E.) l l 60 dt ( 0 ( 0 ) 
PHBr PHOAc 
where R = 82.05 C.., C ~ atm deg. -1 mole. -1 and T is the 
Absolute temperature .. 
Detailed work~ngs are shown for the run 
0 
relevant to Figure 3, TaLle 2, at 424 : 
0 
PHOAc 20.6 m,m. 
slope of log. plot= 1.65 x 10-3 . -1 min. 
therefore, 
k = 2.303xl.65 X 10-3 
2 20.6 
-1 . -1 
m.m. min . 
converting units, 
k 2 = 2.303xl.65xl0-
3 ; 82.05x760x(273.3+424.4)~ 
20.6 ( 60 ) 
-1 -1 
- 133.6 c.c mole sec. 
(b) Variation of Reaction Rate with 
Temperature 
30. 
Satisfactory description of the variation of 
rate constant with temperature is provided, over a 
range of c.80, 0 by the Arrhenius expression: 
k.2 = 10 11.67 e 
-30,400 
RT -1 -1 
cc.mole sec. 
A plot of log. k 2 (mean value) against the 
inverse of temperature is linear and is shown in 
Figure 6; Table 5 lists ~ean rate constants at the 
various temperatures 
f IG.6 ARRHENIUS RATE PLOT. 
2·90 
2·70 A PACKED 'POT' 
2-s:> 
"' ~ 
<.!) 
2·3 0 
..J 
2·0 
1·90 
1·30 1-35 3/ 1·40 
10 T 
1·45 
TABLE 5. VARIATION OF SECOND ORDER RATE CONSTANTS 
-1 -1 (c~c. mole sec. ) WITH TEMPERATURE 
Temp. No. of k a SoD. Temp. No . of k a S.D . 
runs 2 runs 2 
407.8°b 2 73 457.2 5 370 15 
412 . 0 8 93 10 462.8 4 442 18 
424.4 12 138 10 474.4 6 600 44 
433.0 7 183 12 483.2b 3 773 
442 . 2 9 230 10 487.4 13 831 71 
452 . 3 7 344 16 
a . Mean values b. Runs . packed vessel in 
E . PRODUCT ICENTIFICATION 
(a) Methyl Bromide 
(i) Mass spectrometry 
3 1. 
Acetic acid (210 . 8 m.m.) and hydrogen bromide 
(26.4 0 -1 -1 m. m. ) reacted at 412 (k 2 = 103 cc. mole .. sec . ) 
for 55 mins. Condensable products were collected by 
pumping the mixture through a U-bend held at -196°. 
The condensables were distilled into a 300 c.c tap-
0 vessel, at -196 . The mass spectrum of the sample 
was obtained on an A.E.I. Ltd. ~S.10 mass spectrometer 
32. 
with inlet system at ambient tewperature, and is 
shown in Figure 7(a). No peaks occurred above 
m/e 97. Those at m/e 94, 96 are consistent with the 
parent peaks of methyl bromide, the 1:1 isotopic 
ratio of bromine 79 and 81 Leing reflected in the 
relative intensities. The remainder of the spectrum 
can be attributed to fragmentation of acetic acid 
+ (parent ion, m/e 60; CH 3co , m/e 43; etc.), methyl 
+ bromide (CE 3 , m/e 15), water (parent ion, m/e 18) 
and hydrogen bromide (parent ions, m/e 80, 82). 
Several such experiments over the temperature 
range , and using varying initial pressures of 
reactants, gave corresponding results and confirmed 
that methyl bromide and water are the major products. 
All mass spectra were compared with spectra 
obtained for authentic samples. The spectra are 
reported with ion intensities uncorrected for scan 
time. This procedure is reasonable since all are of 
liquid mixtures whose corr.ponents have different 
vapour pressures. The spectra are, of course, used 
qualitatively. 
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(ii) Vapour phase chromatography 
Acetic acid (118.9 m.m.) and hydrogen 
bromide (86.1 m.m.) reacted for 10 mins at 487.4, 0 
-1 -1 (k 2 = 926 c.c. mole sec. ) . The fraction 
0 
condensable at -196 was trapped as before, and 
33 . 
distilled into a 50 c.c. tap-vessel with a side-arm 
fitted with a serum cap. The mixture was held at 
100° to ensure complete mixing, and samples withdrawn 
into a gas-tight, 2 ml. syringe; this sample was 
then injected into a Hewlett-Packard Ltd., F and M, 
gas chromatograph, Methyl bromide was detected, and 
confirmed by co-injection of an authentic sample. 
The conditions used are described in Table 6. 
TABLE 6. CONDITIONS USED roR V.P.C. SEPARATION 
OF METHYL BROMIDE 
Column 
12'x3/16" o.d. 
20% Carbowax 
20M. on 60-100 
sieved Embacel 
Column 
Temp. 
6'x3/16' Silicone 
grease on 60-80 45 0 P.500 
Carrier gas (He) 
flow rate _1 (mls .- min ) 
25 
25 
a. Authentic sample of methyl bromide 
Retention 
Time (secs) 
b. Sample of methyl bromide from the reaction vessel 
34 . 
Attempts to estimate methyl bromide 
quantitatively by gas-chromatography were invalidated 
by the interaction of methyl bromide with the serum 
cap, causing some loss of the compound. 
(iii) Nuclear magnetic resonance spectroscopy 
The products of the reaction between acetic 
acid and hydrogen bromide were. trapped at -196, 0 
distilled into a n.m.r. tube, and dissolved in carbon 
tetrachloride with tetramethysilane marker. Proton 
magnetic resonance spectra were measured on a 
Perkin-Elmer,Model RlO,machine and showed the presence 
of methyl bromide (,= 7.3p.p.m.) 53 and acetic 
54 
acid ( T" = 7.9 p.p.m.). The method ad results are 
fully reported in Section F. 
(b) Carbon Monoxide 
Acetic acid (114.0 m.m.) and hydrogen bromide 
(53.6 m.m.) reacted for 15 mins.at 412~ 
(k = 96 1 -l -l) 2 c. c. mo e . sec. . The condensables 
0 
were trapped at -196 and the permanent gas was 
expanded into an evacuated, 5-1 bulb. A mass 
spectrum of this sample at 20 e. v. (Figure 7 (b), 
-~ 
I 
I 
35 . 
indicated that the permanent gas was carbon monoxide . 
Traces of methane, contributing to less than 0.5% 
of the total ion intensities at m/e 16 and 15, were 
possibly present. Uncertainty in determining the 
percentage of methane arises from predetermined 
background signals, whose intensities are as large 
as the ion intensities at m/e 16, 15 generally 
e 
observed in the carbon monoxide sample and ex~mplified 
in Figure 7 (b) . 
In a similar experiment, aceti2 acid 
(161.l m.m.) reacted with hydrogen bromide (58.9 m.m.) 
for 20 mins at 412°, -1 .... 1 (k 2 = 112 c. c. mole • sec. ) , 
and the permanent gas was collected as before. The 
mass spectrum of the sample gave corresponding 
results. 
(c) Water 
(i) Mass spectrometry 
The mass spectrum of a reaction mixture is 
described in section a(i), and is shown in Figure 
7(a). The signals at m/e 18 1 17 are well above 
background (c.300%) and are attributed to water. 
I 
I, 
36. 
Cii) Vapour phase chromatography 
Acetic acid (80.4 m.m.) and hydrogen bromide 
(152.1 
(k = 2 
0 
m.m.) reacted at 457 for 
-1 -1 3 8 2 c . c . mo 1 e sec . ) . 
10 mins., 
The condensables at 
-196° were transferred to a tap-vessel closed by a 
serum cap, ( Section a (ii) ) . A sample injected into 
Column C (5' x ¼" o.d. S.E. 30 on 60-80 Chromosorb W) 
0 
at 100 , showed a peak with "appearance" time (126 
secs.) corresponding to water. 
F. STOICHEIOMETRY 
(a) Rate of Formation of Methyl Bromide 
Methyl bromide was estimated using proton 
magnetic resonance (p.m.r.) spectra recorded on a 
Perkin-Elmer, Model Rl0, unit. The proton magnetic 
resonance spectrum of methyl bromide exhibits a 
singlet peak at r- 53 7.32 p.p.m. , the area of which is 
proportional to concentration. 
The p.m.r. spectra were calib~ated for 
methyl bromide analysis as follows. Methyl bromide 
was "distilled into" the reaction vessel (volume 250 c.c.) 
and its pressure measured. The moles of methyl 
bromide were calculated using the Equation of State 
I 
I 
37 
for idea~ gases. The sample was distilled into an n.in.r. 
0 0 tube held at -196 , allowed to warm to -80 , and removed 
from the vacuum line. 1.25 mls. of carbon tetrachloride, 
containing a trace of tetramethylsilane, were quickly 
0 
added and the tube was frozen at -196 , evacuated, and 
sealed off at approximately 16.5 ems. from its base. 
The p.m.r. spectrum was recorded at 30°, using 500 c.p.s. 
sweep width, and the integrated area under the peak at 
1" 7.3 p.p.m. was obtained. Figure 8(a) shows the 
variation in relative peak area with the number of moles 
of methyl bromide from three such analyses. 
Randomly selected pressures of acetic acid34 
and hydrogen bromide reacted for varying periods at 
0 0 424.5 and 492.3 (Table 7). Each reaction mixture was 
condensed at -196° and treated as described above. 
The moles of methyl bromide were obtained from the 
calibration curve (Figure 8a). A plot of percentage 
reaction by analysis for methyl bromide against 
percentage reaction by pressure increase is shown in 
Figure 8(b). The points adhere closely to a straight 
line of slope 1.0 as demanded by a stoicheiometry 
in which one mole of methyl bromide is produced 
from one mole of each reactant. 
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TABLE 7. ESTIMATION OF METHYL BROMIDE 
0 0 
Temp. PHOAc PHBr k2 Reaction % by Moles (m.m.) (m. m. ) (C.C.:_l Time Press- MeBr 
(min. ) 
xlo 4 mole_ 1 ure . sec. ) 
424.5° 134.3 62.1 134 31.50 49.6 1.8 
424.5 103.7 83.0 133 17.75 26.6 1.9 
492.3 149.0 118.5 971 3.40 38.8 2.4 
492.3 174.2 105.8 855 8.00 68.1 3.7 
The maJor source of error in these 
determinations is in the small volume above the 
38. 
% by 
Anal-
. ysis 
52.7 
26.5 
38.0 
64.3 
solution in the sealed n.m.r. tube. 0 At 30 , the 
0 
concentration of methyl bromide (B.P. 3.6 , 760m.m.) 
in carbon tetrachloride solution is described by 
Henry's law and, varies considerably with the change 
in volume (c.0.05 mls.) above the solution. 
(b) Formation of Carbon Monoxide with 
Extent of Reaction 
Carbon monoxide has been shown to be the 
only permanent gas produced (Section E(b)) and was 
estimated by loss. 
I 
I 
I 
39 . 
(i) Determination by weight of condensables 
Reaction mixtures . formed at 424.5° (Table 
0 8) were pumped through a U-bend held at -196 and 
the condensables quantitatively distilled into a 
previously weighed tap-vessel. After equilibration 
at room temperature, the vessel plus contents were 
weighed. The weight of permanent gas was obtained 
by subtracting the weight of condensables from the 
total, initial weight of reactants. This latter 
value was calculated from pressure, volume and 
temperature data9 
TABLE 8 . ESTIMATION OF CARBON MONOXIDE 
0 0 
k2 10 4 PHOAc PHBr % by 
Temp. (mm.) (mm.) (cc. 
-1 Reaction Press - moles 
mole_ 1 Time ure of co 
sec. ) (mins) Change by 
Loss 
a424.5° 137.0 53.4 128 29.00 46.6 1.4 
a424.5 144.1 133.0 128 20.00 33.2 2.5 
b492.3 191.0 201.5 1050 17.30 100 9.8 
b492.3 151.8 146.7 3.50 54 4.0 
b492.3 117.8 46.2 1063 10.90 81 2.0 
a. 
CO loss determined by weight of condensables 
% 
Reaction 
by 
Analysis 
42.2 
32.9 
104 
60 
87 
b. 
CO loss determined by distilling condensables back 
into the "pot". 
I 
I 
I 
I 
I 
(iii) Determination by the ''second-reaction'' 
technique. 
Acetic acid (191.0 m.m.) reacted with 
hydrogen bromide (201.5 m.m.) for 17.30 mins. at 
40. 
o -1 -1 4 9 2 . 3 , ( k 2 = 1 0 5 0 c .. c . mo 1 e sec . ) . The reaction 
0 
mixture was trapped at -196 , and the permanent gases 
were pumped off. The condensable material was 
returned to the reaction vessel, and pressure, time 
data were recorded for a further 5 mins. 
Extrapolation of these data to the zero time, at 
which the condensables were returned to the reaction 
vessel, enabled the pressure due to the permanent gas 
to be obtained. Moles of carbon monoxide were 
calculated from pressure, volume and time data. 
Several similar experiments were carried out, and the 
results are reported in Table 8. Figure 9 shows 
that the values obtained for percent reaction by 
pressure change and percent reaction by analysis are 
in satisfactory agreement with, and confirm a 
stoicheiometry in which one mole of carbon monoxide 
is produced from one mole of acetic acid. 
The greatest uncertainty in this method is 
in returning the condensables quantitatively to the 
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41 . 
reaction vessel. To aid the distillation, the 
0 
vacuum line was heated to c.100 along that section 
between the "pot-tap" and sample. 
G. HOMOGENEITY OF THE REACTION 
(i) Reactions in a "packed-pot" 
Reactions between acetic acid and hydrogen 
bromide were carried out in a vessel containing 
-1 0 
concentric glass tubes (S/V. 8.0 cm. ) at 407.8 
0 
and 483.2 . The surface was coated with the 
decomposition products of 
(i) allyl bromide at 420° 
and (ii) cyclopropane at 490°. 
After 'seasoning' with reactions of acetic 
acid with hydrogen bromide, rate became reproducible 
and obeyed second order kinetics. Table 9 
summarises the data which are fully reported in 
Appendix I. 
TABLE 9 . RUNS IN PACKED VESSEL 
Temp. 
483.2° 
407.8 
No. of 
Runs 
3 
2 
k2 
-1 -1 (c.c. mole sec. ) 
773 
73 
42. 
figure 6 illustrates that these values are 
in good agreement with those predicted for the 
unpacked pot. 
H. THE EFFECT OF ADDED NITRIC OXIDE 
(i) The acetic acid, nitric oxide, and 
hydrogen bromide system. 
Nitric oxide (72.6 m.m.) was "blown-in" 
on acetic acid (229.1 m.m.) at 441.6°, and the total 
pressure was measured. Hydrogen bromide (91.3 m.m.) 
was "blown-in" on this mixture, and the rate of 
pressure change was recorded. The kinetic data are 
well described by the second order form, and the 
value of k 2 
-1 -1 (239 c.c. mole. sec. ) agrees with 
that obtained for the reaction between acetic acid 
and hydrogen bromide (mean k 2 = 230 c ~c. mole. 
-1 
sec.-
1 ). Table 10 lists the results for a number 
of such runs at 441° and shows that nitric oxide has 
no effect on the observed rate of react i on . 
I 
I 
i 
I 
TABLE 10. RATE CONSTANTS IN THE PRESENCE OF 
NITRIC OXIDE 
Temp. Mean k 2 Mean 'k ' 2 No. of Runs 
HOAc/HBr -l HOAc/NO/HB;:1 HOAc/NO/HBr (c. c. !]}~le (c. c. mole 
-1 sec. ) sec. ) 
441.6° 230 231 5 
487.4 871 943 6 
495.2 1005 1165 2 
43. 
Second order rate constants were obtained 
at 487° and 495° in the same manner as at 441°. At 
495°, the mean second order rate constant was found 
-1 -1 
to be c.16% higher (mean k 2 = 1165 c.c. mole sec. ) 
than that for the acetic acid-hydrogen bromide 
-1 -1 
reaction, (mean k 2 = 1005 c.c. mole sec. ) . 
0 Similarly, at 487 , the mean of a number of runs 
shows that k 2 is increased slighly in the presence of 
nitric oxide. The results appear in Table 10; 
details of individual runs are listed in Appendix I. 
(ii) Product identification 
Acetic acid (115.4 m.m.), nitric oxide 
(156.6 m.m.) and hydrogen bromide (43.7 m.m.) reacted 
I 
I 
tor 7 .00 minutes at 495.2°, -1 (k 2 = 1150 c.c. mole 
44. 
-1 
sec. ). The reaction mixture was passed through a 
u-bend held at -20° and then a -196° trap. The 
permanent gases were expanded into a 5-1 bulb. Mass 
spectra of both the permanent gas and condensable 
fractions are shown in Figures l0(a) and l0(b), 
respectively. The major condensable product was 
methyl bromide (parent ion m/e 94, 96), with c.8% 
carbon dioxide (parent m/e 44) also present. 
Methane appeared in the permanent gas sample and 
amounted to c.7% of total carbon monoxide. 
(iii) The reaction between acetic acid and 
nitric oxide at 495° 
Kinetics 
Nitric oxide (194.1 m.m.) was "blown-in" 
upon acetic acid (128.0 m.m.) and pressure, time 
data were recorded for 30 mins. A number of such 
runs were carried out, and details appear in Table 11. 
Over the initial c.10% pressure increase studied, the 
rate of pressure increase is reasonably described 
by a kinetic scheme which is first order in acetic 
acid and zero order in nitric oxide. The scheme is 
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satisfactory for a threefold variation in initial 
pressure of nitric oxide, and a twofold variation 
45. 
in acetic acid pressure. A second-order rate law, 
with first order consumption of acetic acid, does 
not describe the kinetics . This is illustrated by 
0 
the values for k 1 /pNO in Table 11. 
TABLE 11. RATE CONSTANTS FOR THE REACTION OF 
ACETIC ACID WITH NITRIC OXIDE AT 495.2° 
0 0 2 a 10 3 p HOAc p NO kl X 10 kl/ 0 X (m . m. ) (m. m. ) -1 p N2 (min. ) 
-1 (cm. - min. ) 
128.0 194.1 2.2 1.1 
167.3 94.2 2.0 2.1 
184.0 160.5 2.2 1.4 
187 . 8 138.4 2.3 1.7 
189.6 78.4 2.0 2.6 
207 . 9 112.9 2.0 1.8 
a.The constancy of nitric oxide pressure in this 
reaction has not been demonstrated by analysis. 
I 
I 
I 
I 
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Product identification 
Acetic acid (184.0 m.m.) and nitric oxide 
(160.5 m. m.) reacted for 16 mins. at 495.2°, 
-2 -1 (k 1 = 2.2 x 10 min. ) . Condensables were 
collected at -196° after passing through a -20° 
trap . The mass spectrum of this -196° fraction is 
shown in Figure 16c, and indicates that carbon 
dioxide is a major product. A mass spectrum of the 
per manent gases corresponded to that of methane with 
10% carbon monoxide also present. 
I. THE REACTION BETWEEN KETENE AND HYDROGEN 
BROMIDE AT 424° AND 492° 
(i) Rates and Product Identification 
Ketene does not decompose at an appreciable 
55 
rate at 424°. Freshly prepared (Section B) ketene 
(37 . 8 m.m.) reacted with hydrogen bromide (99.6 m.m.) 
at 424.1° for 12.0 mins. No pressure change, within 
the limits± .04 m.m., was observed. The reaction 
0 
mixture was trapped at -196 , and a mass spectrum of 
the condensable fraction is shown in Figure ll(a). 
The mass spectrum shows that methyl bromide is a major 
product with ketene (c.3%) also present. The 
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permanent gas from the reaction mixture was collected 
in a 5-1. bulb, and the mass spectrum indicates clean 
formation of carbon monoxide. 
Ketene (138 .4 m.m.) reacted with hydrogen 
bromide (53.8 m.m.) for 16.50 mins. at 424.1°. 
Over this time, the total pressure fell steadily by 
c.6.3 m.m. The fraction of reaction products 
condensable at -196° contained a lemon coloured 
product, which became dark green and finally dark 
brown as the sample warmed to room temperature. 
A mass spectrum of the components volatile at room 
temperature indicates the presence of methyl bromide, 
ketene and a small (c.5%) amount of diketene. No 
reproducible mass spectrum was obtainable of the dark, 
high boiling tar. 
0 Experiments at 492.3 gave similar results, 
except that traces of methane (c.2%) occurred in the 
permanent gas sample. Methane probably arises from 
d . t . f k 55 . h . 1 b f ecomposi ion o etene int e reaction vesse e ore 
the introduction of hydrogen bromide. 
In a control experiment, ketene (240 m.m.) 
and hydrogen bromide (89.3 m.m.) were mixed at room 
0 temperature, and trapped at -196 . The mass spectrum 
I, 
of the mixture showed the presence of ketene, 
hydrogen bromide and diketene (c.20% of the ketene) 
only. 
48. 
It was concluded that, under these reaction 
conditions, ketene reacts rapidly with hydrogen bromide 
to form methyl bromide and carbon monoxide; 
additional polymeric products appear when ketene is in 
excess. 
(ii) Estimation of Methyl Bromide Production 
at 4240 
Hydrogen bromide (178.9 m.m.) and freshly 
prepared (Section B) ketene (56.9 m.m.) reacted at 
' 
424.1° for 4.20 mins. No pressure change, within the 
limits ±0.02 m.m., was detected. The reaction mixture 
was analysed for methyl bromide using the Perkin-Elmer 
nuclear magnetic resonance spectrometer (Section F). 
Automatic integration of the signal at i"' 7.3 p.p.m. 
-4 
showed the formation of 3.3 x 10 mole of methyl 
bromide; calculated on the basis of quantitative 
conversion of ketene: 3.3 x 10-4 mole. 
.~ 
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J. THE THERMAL DECOMPOSITION OF ACETYL BROMIDE 
(i) Rates and product identification at 421, 0 492° 
Acetyl bromide was "distilled-into" the 
reaction vessel at 492.3°. The initial pressure 
reading (347.6 m.m.) was obtained after o.90 mins . , and 
remained constant (±0.6 m.m.) for 7.25 mins. The 
0 
reaction mixture was passed through a -196 trap after 
8.40 mins; the non-condensable gases were expanded into 
a 5-1-tap-vessel. 0 The mass spectrum of the -196 
condensable fraction was recorded with the inlet system 
of the mass spectrometer at room temperature, and 
corresponds to that of methyl bromide, (parent peaks, 
m/e 94, 96); no other structure above background was 
apparent. The mass spectrum of the permanent gas 
compares with that of pure carbon monoxide, (parent 
ion, m/e 28). Table 12 lists the mean total pressure 
for all runs, along with standard deviations from that 
pressure. 
I 
TABLE 12. TOTAL PRESSURES OF ACETYL BROMIDE 
DECOMPOSITION MIXTURES AT 421°, 492° 
Temp. Mean Total a Pressure S.D. Duration of 
(m. m. ) Run (mins.) 
492.3° 347.6 ±0.9 5.80 
492.3 391.4 0.8 8.40 
492.3 432.7 0.8 7.35 
421.4 161.0 0.6 7.25 
421.4 214.0 0.8 18.15 
421.4 364.5 0.7 12.20 
50 . 
a. Pressure readings noted at approximately minute on~ 
intervals . 
The experiment was repeated at 421°, and 
particulars of individual runs are reported in Table 
12. Figure ll(b) shows that the mass spectrum of the 
-196° condensable fraction from such reaction 
mixtures is consistent with the presence of methyl 
bromide, (parent ions , m/e 94, 96), and traces 
(c.4%, calculated on ion intensities at m/e 43, 28) 
of acetyl bromide. The permanent gas sample 
produced a mass spectrum which compares with that of 
pure carbon monoxide , (parent ion,m/e 28). 
I 
I 
(iii) Rates of decomposition at 347°, 357° 
0 
at 347.4 . 
Acetyl bromide was allowed to decompose 
Figure ll(b) shows the p lots of 
pressure versus time for two runs using comparable 
initial pressures of acetyl bromide . These plots 
51. 
are typical of the reactions carried out, and show 
firstly, that the rate of pressure increase has an 
initial delay-time, and secondly, that the rates of 
pressure increase are not reproducible. It appears 
likely that the reaction takes place on the surface 
of the reaction vessel, at least partially. The 
fraction of the reaction mixtures condensed at -196° 
contained a red oil, soluble in ethanol. This 
product was not characterised further . In each run, 
permanent gas was detected at the pump. 
K. EFFECT OF WATER ON REACTION RATE AT 487.4° 
Addition of wate~, in pressures up to 
315.1 m.m., did not significantly alter the kinetics 
of the acetic acid-hydrogen bromide reaction. All 
experiments were carried out by firstly, distilling 
water into the reaction vessel and measuring its 
pressure. Next, acetic acid was "distilled-in" and 
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hydrogen bromide was "blown-in". Pressure, time 
values were recorded over an interval of c.10 mins. 
All reactions obeyed second order kinetics with 1,1 
consumption of acetic acid and hydrogen bromide; 
details of all runs are listed in Table 13. 
TABLE 13. EFFECT OF WATER AT 487.4° 
0 0 0 
k2 
a 
phOAC PHBr PH 0 
-1 -1 (m. m. ) (m. m. ) 2 (c.c. mole (m. m. ) sec ·. ) 
77.9 101.8 104.8 854 
183.1 93.7 106.8 709 
77.3 184.7 136.1 824 
14.1 153.4 200.3 813 
76.8 73.9 205.3 717 
41.2 98.8 315.1 851 
Mean k 2 795 mole 
-1 
- c.c. sec. 
a. Mean k 2 for acetic acid -_?ydrog~y b rom ide 
at 487.4° = 831 c.c. mole . sec . 
I 
I 
- 1 
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RESULTS AND DISCUSSION 
Rate constants for the reaction of acetic 
acid with hydrogen bromide have been measured over 
the temperature range 4 07-49 o0 (Section D ) ; the 
initial pressures of each reagent wer e varied by a 
factor of c.8, and the reaction was seen to be 
satisfactorily first order in each reagent, 
(Figure 3). 
The products of the reaction are methyl 
bromide, carbon monoxide, and water (Section E ~ 
and are formed according to the stoicheiometry, 
( Section F) , 
If a free-radical chain~mechanism operates, the chain 
must be carried by methyl radicals, hydroxyl radicals, 
or by bromine atoms. The photolysis of acetic acid 
lS initiated by56 : 
CH 3 COOH ( 1) 
and this appears to be the most likely initiation for 
a thermal radical-chain mechanism. In the presence of 
hydrogen bromide the general reaction: 
R 0 + HBr -->• RH + Br· ( 2 ) 
I 
I 
I 
I 
I 
1, 
I, 
I, 
54. 
57 
undoubtedly occurs; where R. is a hydrogen atom 
-1 
the activation energy is 1.2 k. cals. mole . . 
Where the chains are long RH need not be a major 
product. The following steps become necessary to 
give the observed products : 
( 3) 
cooH· --->• CO + OH. ( 4 ) 
( 5) 
( 6 ) 
In general, acyloxyl radicals decompose 
rapidly, yielding carbon dioxide and an alkyl 
radical, and this fact has led to the use of 
diacetyl peroxide as a source of methyl radicals. 58 
( 7) 
Szwarc and Herk 59 consider that the 
decarboxylation of acetyloxyl has a small activation 
-1 
energy, about 1-2 k. cal. mole. . The abstraction 
of hydrogen by methyl radicals is well known, 60 
and the activation energies fall in the range 4-10 k. 
-1 
cal. mole. Thus, operation of a chain-mechanism 
55 
for the reaction between acetic acid and hydrogen 
bromide would lead to methane as a major product. 
The mass spectrometric analyses (Section E ) of the 
permanent gases formed in the reaction shows that 
methane, if formed at all, is less than 0.5% o f the 
carbon monoxide formed. This is strong evidence for 
the exclusion of a chain-mechanism. The absence 
of detectable quantities of carbon dioxide further 
supports this view. 
The lack of any effect of added nitric 
oxide on the rate of pressure increase for the reaction 
at 441° provides additional evidence for the 
reaction proceeding via a molecular mechanism (Section 
H) . At 495°, the increase (c.16%) in the second 
order rate constant for the acetic acid-hydrogen 
bromide reaction due to the presence of added nitric 
oxide, can be attributed to a reaction between acetic 
acid and nitric oxide (Section H). It has been 
shown (Section H. (iii)) that acetic acid and nitric 
oxide react at 495°, and that carbon dioxide and 
methane are products of this reaction. The 
participation of nitric oxide in certain reactions, 
56" 
in which hydrogen atoms are abstracted from a kanes, 
61 has been proposed , 
RH + NO ==;~~- R .. HNO ( 8) 
Thus, the following elementary processes 
may explain the products of reaction of acetic acid 
wi h nitric oxide : 
~==> 
CH m + HNO 3 
CH. 
3 + 
+ 
( 9 ) 
( 7) 
NO (1 0) 
No significant enhancement of the rate of 
reaction of acetic acid with hydrogen bromide was 
b d h · t · d tat 487° o serve wen experimen s were carrie ou 
0 
and 407 in a "packed-pot", (Section G) . It was 
concluded that the reaction is homogeneous Q 
The evidence is in favour of a molecular 
reaction; feasible transition-states for the 
reaction are represented in formulae (I)-(VI), Figure 
12. The six-centred ransition-state rep esented by 
I leads to water, hydrogen bromide and ketene . Under 
the reaction condi ions, ketene and hydrogen bromide 
give carbon monoxide and methyl bromide 
rapidly, and quantitatively (Section I), and 
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such a transition-state is kinetically feasible. At 
492°, the reaction between ketene and hydrogen 
bromide produces traces (c.2% of the permanent gases 
produced) of methane. At these temperatures, 
essentially no methane (upper limit c.0.5% of the 
permanent gases produced) is formed in the reaction 
of acetic acid with hydrogen bromide. This 
discrepancy in the methane formed is slender evidence 
against the transition-state represented by (I). 
The four-centred transition-state (II) 
leads to methyl bromide and formic acid, which in 
the presence of hydrogen bromide at these 
. dl 1 d · 62 temperatures rapi y undergoes a cata yse reaction 
to carbon monoxide and water; however, the thermal 
decomposition of formic acid races 63 the catalysed 
62 reaction and gives carbon dioxide and hydrogen , 
which are not formed in the acetic acid-hydrogen 
bromide reaction. 
The five-centred transition-state ( ~)( v) 
leads to the observed products, methyl bromide, 
carbon monoxide, and water; it may experience 
homolytic or heterolytic breaking of t h e bond s . 
58. 
The four-centred transition-state (,m.)(,) 
leads to acetyl bromide and water. 64 Szwarc reports 
that in a flow system, with toluene as carrier gas, 
acetyl bromide decomposes comparatively slowly at 
600°. Under the conditions in this study (Section J) 
acetyl bromide reacts instantaneously above 420° to 
give methyl bromide and carbon monoxide, so that the 
four-centred transition-state (IV) is a reasonable one; 
the bond fission may be homolytic or heterolytic. 
Transition-state (V) represents an extreme 
case of either (I), (III), or (IV) in which the bonds 
are broken heterolytically and for which the bonding 
of the bromine is not significant. Transition-
state (VI) results from elimination of water from the 
protonated species, (V). 
The variation of rate constant with 
temperature is described by 
-3 0,, 4 0 0 
RT 
the Arrhenius equation: 
-1 -1 
c.c . mole. sec. 
The reaction between acetic acid and 
hyorogen bromide shows marked similarity to the 
reactions between hydrogen bromide and each of the 
59. 
acids, pivalic, isobu~yric, and propionic, reported 
. 35 36 38 by Stimson and his co-workers ' ' . In each case, 
the carboxylic acid decarbonylates, and the reaction 
is first order in each reagent. Acetic acid has no 
carbon atom ft to the carboxyl group, and olefin 
formation accompanied by hydrogen bromide regeneration 
is not possible. The Arrhenius parameters are 
markedly similar and are shown in Table 1 for 
comparison purposes. 
TABLE 1 ARRHENIUS PARAMETERS FOR THE REACTION 
OF HYDROGEN BROMIDE WITH CARBOXYLIC ACIDS 
Compound 
Pivalic acid 
Propionic acid 
Isobutyric acid 
a Methyl formate 
E 
-1 (cal. mole ) 
31,660 
33,000 
33,170 
32,300 
log A 
12.28 
12.87 
12.50 
Ref. 
35 
38 
36 
41 
a. For the purpose of comparison, methyl formate 
is considered as belonging to the same 
reaction type. 
If the reaction of acetic acid with hydrogen 
bromide belongs to this family of reactions, then the 
reaction sequence, 
CH3COOH + HBr~ CH 3COOH 2+ Br~CH3CO+Br-+H 20~CH3Br+CO+H 20 
which involves transition-states (V) and (VI) is applicable. 
CHAPTER II. THE EFFECT OF ADDED ISOBUTENE ON 
THE ACETIC ACID-HYDROGEN BROMIDE 
REACTION 
EXPERIMENTAL 
A. APPARATUS AND TECHNIQUE 
The vacuum line, furnace and auxilliary 
equipment were identical with the description in 
Chapter I. 
(i) Method of sample introduction 
60 . 
In general, acetic acid was "distilled-in", 
isobutene then "blown-in 11 , and the reaction initiated 
by "blowing-in" hydrogen bromide. Pressure, time 
values were recorded at approximately one minute 
intervals. 
In experiments where it was desired to admit 
given amounts of reactants,the following techniques 
were used : 
1) Acetic acid was "distilled-in", in what was 
judged to be a slight excess. After confirming that 
the pressure was greater than that required, some acid 
was allowed to escape by very briefly opening the 
"pot-tap". This was repeated until the correct 
pressure of acetic acid remained, 
61. 
2) A pressure of isobutene was then built up 
throughout the vacuum line. This pressure, gauged 
from a manometer, was greater than the pressure of 
acetic acid by an amount approximately equal to the 
desired initial pressure of isobutene. The gas was 
"blown-in" and its pressure obtained by difference, 
3) similarly the appropriate pressure of hydrogen 
bromide was massed outside the reaction vessel, and 
"blown-in". 
B. MATERIALS 
Isobutene was Matheson reagent of stated 
purity 99 . 0% . 
Mesityl oxide (Koch-Light, purity greater 
than 95% by G.L.C.) was twice fractionated through a 
column (12" x ½") packed with Fenske helices; 25% of 
the sample was retained, the remainder being rejected 
in head or tail fractions 0 (B.P. 129.3 , 731.2 m.m.; 
literature 65 129.7°, 760 m.m.). Analysis by vapour 
phase chromatography on a 6' x 3/8" o.d 20% Carbowax 
20M on 60-100 sieved Embacel column showed t h e sample 
to be c. 99.5% pure. 
62 .. 
Methyl butenes. 2-Me but- 2- e ne, 2-Me but-
1-ene, and 3-Me but-1-ene were "Phillips 66" samples 
provided by courtesy of Professor V.R. Stimson . 
Ketene was produced by pumping acetic 
anhydride (May and Baker, Laboratory Chemical) through 
a silica tube (12" x 3/4") held at 420°. Acetic 
acid was removed in a -80° trap, and ketene stored at 
-196° until immediately before use. 
Sodium hydroxide was May and Baker Laboratory 
Chemical; Magnesium perchlorate was B.D.H. Laboratory 
Reagent. 
C. DEPENDENCE OF RATE UPON ISOBUTENE 
CONCENTRATION 
(i) At 407.6° 
Acetic acid (105.7 m.m.) reacted with 
hydrogen bromide (88.1 m.m.) for 40 mins., 
-1 -1 61.1 c.c. mole. sec. ) . 
(k = 2 
In a set of experiments, isobutene was 
added to the acetic acid, and hydrogen bromide was 
"blown in". The initial pressures of acetic acid 
and hydrogen bromide were kept close to c.100 m.m. 
63. 
The isobutene pressure was varied. The rate of 
pressure increase was measured over c.40 mins.; 
typical pressure versus time profiles are reproduced 
in Figure 13. The majority of runs appeared to 
produce a slight pressure drop initially; subsequently, 
pressure increased smoothly with time. 
Table 14 summarises the pressure-time data 
for all runs. Beyond the initial delay-time (ending 
c. t = 2 mins.) the pressure-time curves are close to 
straight lines, so that the values of ~pat a 
reference time (t = 40 mins.) provide a reasonable 
basis for comparison of relative rates. Where the 
initial pressures of acetic acid and hydrogen bromide 
are each 100 m.m., ~p (at t = 40 mins.) measures 
the relative effects of varying the initial pressures 
of isobutene. Since in practice, the initial 
pressures of acetic acid and hydrogen bromide were not 
precisely 100 m.m. but close to this pressure, A p 
has been corrected as follows. Since the 
corrections involved are small, it is possible to 
write, 
--
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A p oC. X m.m. 
while the "standard" pressure change, 
defined by, 
. 
6. p corr is 
A p -r 100 x 100 m. m. ~ corr ~
Thus , 
- 100 x 100 • ~ p m.m. 
0 0 
PHOAc PHBr 
Applied to run 2, Table 14 , one obtains, 
X 25.6 23.3 rn.m. 
102.8xl06.4 
Values for 6. p are listed in Tab le 14. Plots corr 
of 6.P versus initial pressure of isobutene corr 
show the effect of isobutene upon the reaction, and 
are shown in Figure 14(a). 
65. 
TABLE 14. DETAILS OF RUNS FOR ACETIC ACID-HYDROGEN 
BROMIDE REACTION AT 407° IN THE PRESENCE 
OF ISOBUTENE 
0 
PHOAc 0 0 6. Pcorr Run pi'bene PHBr LiP40.oo (m. m. ) (m. m. ) (m. m. ) (m. m. ) (m . m. ) 
1 105.7 0 88.1 23.7 26.8 
2 102.8 31.5 106.4 25.6 23.3 
3 91.4 37.3 98.3 21.9 23.1 
4 96.9 64.5 99.1 19.5 20.0 
5 99.8 67.2 97.3 18.1 18.6 
6 97.3 111.7 101.8 15.5 15.7 
7 95.2 151.9 100.2 13.0 13.7 
8 99.8 164.6 101.0 13.4 13.3 
9 92.7 211.2 107.0 11.4 11.4 
Figure 14(a) also shows that at c.200 m.m. 
of added isobutene, the rate of pressure increase, as 
indicated by A p has decreased by 55%; also, ~ corr' 
no region of maximal inhibition is evident over the 
pressure range studied. 
(ii) At 440.7° 
Acetic acid (145.8 m.m.) reacted with 
hydrogen bromide (63.2 m.m.) for 10 mins, 
-1 -1 222 c.c. mole. sec. ) . 
(k = 2 
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In a series of runs, isobutene in varying 
pressures was added to acetic acid (c. 140 m.m.), and 
hydrogen bromide (c. 75 m.m.) was "blown in" to 
commence the reactiono Pressure readings were taken 
for the first 10 minutes. Results are reported in 
Table 15. 
TABLE 15. DETAILS OF RUNS FOR ACETIC ACID-HYDROGEN 
BROMIDE REACTION AT 440° IN THE PRESENCE 
OF ISOBUTENE 
Run 0 0 0 
AP10.oo A pcorr PHOAc pi'bene PHBr 
(m. m. ) (m. m. ) (m. m. ) (m. m. ) (m. m. ) 
a 145.8 0 63.2 20.5 22.6 
C 145.7 87.7 70.2 21.9 21.7 
d 147.9 140.5 82.7 22.0 18.3 
e 143.5 220.7 91.8 22.3 17.2 
Pressure-time profiles are shown (Figure 14(b)), and 
no delay time is evident. Pressure increases smoothly 
with time. 
As described in section (i), A p, 
measured at a standard time, and for fixed pressures of 
acetic acic and hycrogen bromide, provides a base for 
comparing the dependence of the rate of pressure change 
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upon the pressure of isobutene. In this series of 
runs,~ p, fort= 10 minutes, was corrected to a 
reference standard having a pressure of acetic acid of 
145 m.m. and a pressure of hydrogen bromide of 70 m.m. 
Values for ~ p are listed in Table 15, and are 
corr 
plotted against the pressure of isobutene in Figure 
15(a) .Figure 15(a) shows that the rate of pressure 
change has an inverse relationship to the pressure of 
isobutene. Again, there is no region of "maximal 
inhibition". At this temperature, 200 m.m. of 
isobutene retard the rate of pressure increase by 
c. 25%. 
(iii) At 474° 
The effect of the isobutene upon the rate of 
pressure increase is difficult to analyse more closely, 
since the initial pressures of acetic acid and 
hydrogen bromide vary widely in a large number of runs 
carried out. Runs in which the initial pressures of 
acetic acid and hydrogen bromide are kept essentially 
constant, and the pressure of isobutene is varied, are 
shown in Tables 20, 21. A pis reported for defined 
reference standards at each temperature. 
· Again, the 
retarding effect of isobutene is observed, and no 
region of maximal inhibition is apparent. 
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D. PRODUCT IDENTIFICATION 
(a) Methyl Bromide 
(i) Proton magnetic resonance spectroscopy 
Acetic acid (99.8 m.m.), isobutene (67.2 m.m.) 
and hydrogen bromide (97.3 m.m.) reacted for 45 .00 
mins. at 407°; during the first 1.5 mins. of 
reaction a pressure decrease of c. 0.9 m.m. was 
observed. 
13.4 m.m. 
Pressure increase for 40 mins. totalled 
The reaction mixture was "bulbed" over 
sodium hydroxide (2 gms.) and magnesium perchorate 
(4 gms.) for 5 mins; condensables were trapped by 
0 pumping the residue through a U-bend held at -196 . 
Two fractions were apparent: one was green and had 
a relatively high boiling point while the other was 
white and easily volatilised at room temperature. The 
nuclear magnetic resonance spectrum of the latter 
fraction in carbon tetrachloride was recorded as before 
(Chapter I, Section D). Figure 15b. represents the 
n.m.r. spectrum of this sample (500 c.p.s. sweep 
width) and shows a well resolved signal at 1'-" 7.3 p.p.m. 
which is attributed to methyl bromide. 
Also present are peaks at 1"" 8. 3 p. p . .rr.. and 
i" 5.3 p.p.m. These are consistent with the methyl 
FIG .15b. P.M.R. OF HOAc-l 'BENE-HBr REACTION MIXTURE 
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p.p.m. 
protons and the 
appear at these 
69 . 
protons of isobutene respectivel~ which 
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values. 
(ii) Mass Spectrometry 
Acetic acid (53.8 m.m.), isobutene (95.1 m.m.) 
and hydrogen bromide (200.4 m.m.) reacted at 487.3° 
for 12.0 mins.; pressure increase was 28.9 m.m. after 
the first 5.00 mins. of reaction. The reaction 
mixture was "bulbed" and the condensables collected 
0 
at -196 , as above. Again, two fractions, ostensibly 
similar to those described above, appeared in the 
frozen products. The lower boiling constituents were 
distilled into a 50 c.c. tap-vessel and, a mass 
spectrum of the sample was recorded, using an ionising 
potential of 70 e.v. Figure 16a. represents the 
spectrum taken on the most sensitive range. 
The signals at m/e 94, 96 (approx. 1:1 
relative intensity) and m/e 56 were assigned to the 
molecular ions of methyl bromide and isobutene, 
respectively. Several runs showed this spectrum to 
be completely reproducible. 
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(iii) Vapour phase chromatography 
Vapour phase chromatographic analyses were 
carried out,using column A coupled to a Gow-Mac, model 
9285-D, thermal conductivity detector. Signals were 
displayed on a Honeywell, Electronik 15 recorder. 
Column A (6' x 3/8") consisted of Carbowax 
20M (20% w:w) on 60-80 mesh Embacel. The column and 
the detector block were maintained at 50° . Helium, 
-1 
at a flow rate of 15 ml. min. , was used as the carrier 
gas. Under these conditions, an authentic sample of 
methyl bromide was eluted with a retention time 620 
secs. 
Acetic acid (72.9 m.m.), isobutene (136.3 
m.m.) and hydrogen bromide (236.0 m.m.) reacted at 
487° for 6.70 mins, (pressure increase after 5.20 
mins. = 17.2 m.m.). The resulting mixture was "bulbed" 
and the fraction condensable at -196° was trapped. 
The products were distilled into a 50 c.c. tap-vessel 
fitted with a side-arm. The vessel was heated to 
60°; 1 ml. samples were withdrawn through a serum 
cap, into a 2 ml., gas-tight syringe and injected 
onto Column A of the gas chromatograph. The peak 
71. 
obtained at a retention time 620 secs is attributed 
to methyl bromide. 
Figure 16(b). 
The gas chromatogram is shown in 
Other reaction mixtures (acetic acid, 92.4 
m.m., hydrogen bromide,231.0 m.m. and isobutene,127.7 
m.m.; acetic acid ~(53.2 m.m.), isobutene,(162.2 m.m.) 
and hydrogen bromide, (242.8 m.m.) also showed the 
methyl bromide peak, and confirmed that methyl bromide 
is a major product of the reaction. 
(b) Identification of Methyl Butenes 
(i) Mass spectrometry 
The mass-spectrum of the reaction mixture 
from the reaction (Section a-ii) of acetic acid 
(53.8 m.m.),isobutene (95.1 m.m.) and hydrogen bromide 
(200.4 m.m.) is shown in Figure 16(a),and contains a 
peak at m/e 70. This peak could be due to a e
5
H
10 
hydrocarbon. A mass-spectrum of 2-methyl but-2-ene 
shows that all the signals from this compound are 
present in the mass-spectrum of the reaction mixture. 
On the other hand, much of the mass-spectrum of 
isobutene, and of cyclopentane are strikingly similar 
to that of 2-rnethyl but-2-ene. Thus, the mass-
spectral evidence is of limited use in identifying 
the origin of the m/e 70 signal. 
FIG l 6b.GAS - LIQUID CHROMATOGRAPH OF 
CH
3
COOH, l'BENE, HBr SYSTEM 
LOW BOILERS 
l'BENE 
AIR 
2 Me - but-2-ene 
0 
2Me-but 
-1- en e 
3Me-
but-
1-ene 
1 
18 
TIME 
36 54 
-I (SECS . X 10 ) 
72 
72. 
(ii) Vapour phase chromatographz 
Gas chromatographic analysis (Section a-iii) 
of the reaction mixture obtained from the reaction of 
acetic acid (72.9 m.m.), isobutene (136.3 m.m.) and 
hydrogen bromide (236.0 m.m.) showed (Figure 16(b)) 
the presence of methyl bromide. Additionally, peaks 
were observed with retention times 195, 270, and 330 
sec. Authentic samples had the following retention 
times using the identical conditions: 3-methyl 
but-1-ene (195 sec); 2-methyl but-1-ene (L70 sec); 
2-methyl but-2-ene (330 sec). Mixtures of known amounts 
of the methylbutenes were made up, and a calibration 
curve of mole percent versus peak areas was 
constructed. 
From a number of runs the percentages of the 
methyl butenes was found to be: 
3-methyl but-1-ene: 2-methyl but-1-ene: 2-methyl 
but-2-ene = 6 : 37 : 57 
2-methyl but-2-ene (155.4 m.m.) and hydrogen 
bromide (71 .4 m.m.) were mixed at 487.4° for 10 mins. 
No pressure change was observed. The mixture was 
bulbed,and quantitatively analysed using Column A 
73. 
(Section a-iii). Found, on the basis of relative 
peak areas and using calibration curve : 
3-me but-1-ene 4%, 2-me but-1-ene 42%, 2-me but-2-ene 
54%. These values are in excellent agreement with 
67 those reported in the literature (c.5%, 44%, 51% 
0 
respectively, at 760 K.) for the equilibrium values 
The proportions of methyl butenes from the 
acetic acid-isobutene-hydrogen bromide reaction 
mixture were slightly different; this result may 
arise if a small amount of reaction takes place 
between these olefins and hydrogen bromide during the 
"bulbing'' step of the work-up. This is possible as 
the lifetime of hydrogen bromide is longer when 
''bulbing" in the presence of permanent gas, than in the 
absence of permanent gas, as is the case for the 
straight olefin-hydrogen bromide mixture. 
(iii) Nuclear magnetic resonance spectroscopy 
The methyl protons of 2-methyl but-2-ene 
66 
respond at r 8.37 p.p.m. Any signal at this 
position would be completely dominated by that from 
the methyl protons of isobutene ( 7"' 8. 30 p.p.m.), if 
the latter was in large excess. 
7 4. 
The J_ -proton of 2-methyl but-2 - ene 
produces a response at 1" 4.79 68 which is well removed 
from that of the ~ -protons of isobutene 
( 1" 5.34 p.p.m.); Figure 15b shows a weak signal 
at 1 4. 79 p.p.m. 
(c) Identification of Mesityl Oxide 
(4-Methyl 3-Penten-2-One) 
(i) Mass Spectrometry 
Acetic acid (53.8 m.m.), and isobutene (95.1 
m.m.), and hydrogen bromide (200.4 m.m.) reacted at 
487.3° for 12 min. The reaction mixture was worked-
up, and its mass-spectrum was obtained (Figure 16(a)) 
as described in Section (a-ii). 
has not been identified earlier. 
The peak at m/e 83 
This peak could 
correspond with the loss of methyl from the molecular 
ion of mesityl oxide (m/e 98). A mass spectrum of 
mesityl oxide, recorded with an ionising potential 
of 70 ev, produced peaks at m/e 98, 83, with relative 
intensities c. 1:2 respectively. Approximately the 
same ratio is apparent in the spectrum shown in 
Figure 16 (a). The remaining major products of mesity l 
oxide fragmentation (m/e 58, 55 1 43) may be present 
75. 
in the spectrum shown in Figure 16(a) but positive 
identification is hindered by clashing signals from 
the breakdown of isobutene and the methyl butenes. 
(ii) Vapour phase chromatograehy 
'Polar' column 
Acetic acid (174.9 m.m.), isobutene (100.9 
m.m.) and hydrogen bromide (112.8 m.m.) reacted for 
60.0 mins. at 427.3°; pressure increase was 37.3 m.m. 
Reaction was terminated by pumping the mixture 
0 through a U-bend held at -80 ; 0.2 ml. of ethanol was 
0 
added to the -80 condensables. The solution was 
thoroughly mixed, and 2 m.l. samples were injected 
onto column A (Section a-iii. ) on an F. and~~-, model 
500, gas chromatograph. Helium, at a flow rate of 
-1 20 ml. min. ,was used as the carrier gas. The 
injection port and the detector block were maintained 
0 
at 150 . Figure 16(c) illustrates the gas 
chromatogram,obtained with a column temperature of 
Table 16 lists retention times. Retention 
times for identified peaks were confirmed by gas 
chromatographic analyses of authentic samples. 
TABLE 16. ANALYSIS OF GAS CHROMATOGRAM SHOWN 
IN FIGURE 16a 
Column 
Retention Times 
(sec.) 
Me- MeBr X 
76. 
Column 
Temperature butenes Unident-
ified 
Peak 
Mesityl HOAc 
oxide (appear-
ance) 
Carbowax 
II 
Silicone 
Rubber 
II 
100 
80 
100 
140 
95 
180 
130 
504 
306 
576 
378 
1440 
270 
756 
414 
The source of the peak designated by X was 
not identified but it is possibly produced in the 
work-up; it was not apparent in the mixture resulting 
from the runs which differed in work-up procedure, 
(next section -'non polar' column). 
'Non polar' column 
Acetic acid (175.2 m.m.), isobutene (110.6 
m.m.) and hydrogen bromide (112.9 m.m.) reacted at 
427.3° for 39.00 mins.; pressure increase was 19.3 
m.m. 
FIG .16c. V.P.C. HOAc-l 'BENE-HBr SYSTEM-HIGH BOILERS 
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2 m.l. samples were injected onto column B 
which was connected to the F and M, model 500, gas 
chromatograph. Column B (5' x ¼'') consisted of 20% 
(w:w) silicone rubber S.E. 30 suspended on 60-80 mesh 
chromosorb W. The column was used with helium as a 
-1 
carrier gas at a flow rate of 20 ml. min. , and with 
the injection port and detector block maintained at 
150°. The column was used at two temperatures, 80° 
0 
and 100 . 
0 At 80 , a large peak due to ethanol elutes 
with a retention time of 300 sec. This peak also 
includes the volatile fractions from the reaction 
mixture. A further peak with a retention time of 
1440 sec., which corresponds with that shown by an 
authentic sample of mesityl oxide was obtained. 
0 At 100 , the retention time for ethanol and 
the volatiles is 60 sec. The mesityl oxide peak 
appears with a retention time of 270 sec. An 
authentic sample of mesityl oxide shows a retention 
time of 270 sec. under these conditions. 
The results for these analyses are 
included in Table 16. 
78. 
To summarise, a compound having the same 
retention times as mesityl oxide has been detected 
using quite dissimilar separating conditions. 
(iii) Ultra violet absorption spectroscopy 
Methanol as solvent 
Acetic acid (147.6 m.m. ·), isobutene 
(100.7 m.m.) and hydrogen bromide (85.1 m.m.) reacted 
0 for 20 mins. at 446 ; pressure increase was 38.9 m.m. 
after 18.85 mins. The reaction mixture was "bulbed" 
for 2 mins. and the -80° condensable fraction diluted 
to 25 mls. in methanol. The U.V. spectrum of this 
sample, in the wavelength range 200-450 m_;,iU· was 
recorded on a Unicam, model SP800, spectrophotometer. 
The spectrum shows a strong absorption at 237 m;P'. 
The experiment was repeated several times, 
• 
and in each 9ase the peak at wavelength 237 m_,u. 
was observed. Appendix II contains details of all 
runs . 
-4 A spectrum of an aqueous solution, 2 x 10 M. 
in an authentic sample of mesityl oxide,showed a 
strong absorption at 2 3 7 1:;;£'· which agrees· with the · 
1 . l 69 iterature va ues . 
7 9. 
Water as Solvent 
The absorption peak of rnesityl oxide is 
69 
known to shift from 237 rn.J"". to 245 rn/· 
solvent is changed from methanol to water. 
when the 
The -80° 
condensables from the acetic acid, isobutene, hydrogen 
bromide system were trapped as before, and their 
u.v. spectra showed a strong absorption a 245 rn;,P. 
This evidence, together with that obtained from v.p.c. 
analyses, confirms that rnesityl oxide is present in 
the reaction mixtures. Quantitative analyses of 
rnesityl oxide were obtained from the u.v. spectra in 
water as solvent, and are reported in Section E of 
Chapter II. 
(d) Carbon monoxide 
Acetic acid (132.4 rn.rn.), isobutene 
(123.0 rn.rn.) and hydrogen bromide (161.6 rn.rn.) 
reacted for 14.20 rnins. at 446°; pressure increase 
was 51.5 rn.rn. after 14.00 rnins. The reaction 
mixture was expanded into a 300 c.c. tap-vessel at 
-196°. The permanent gas was introduced into the 
mass spectrometer directly from this vessel held at 
-196°. The mass spectrum showed that the major 
product is carbon rnonoxide,with c.8 % methane also 
present. 
80. 
(e) Water 
The mass spectra, obtained from reactions of 
acetic acid, hydrogen bromide, and isobutene, are 
described in Section (c-i), and a typical spectrum is 
shown in Figure 16(a). All such spectra contain 
peaks at m/e 18, 17, which are those characteristic 
of water. 
E. QUALITATIVE CONTROL EXPERIMENTS 
(i) Mass spectrometry and v.p.c. 
Hydrogen bromide (c . 80 m.m.) was "blown in" 
upon a reaction vessel containing acetic acid (114.2 
0 m. m. ) and isobutene (123.7 m.m.), at 446 . After 
0.10 mins., the reaction mixture was pumped through a 
0 U-bend held at -80, and the condensables were 
distilled into a 50 c.c. tap-vessel. A mass spectrum 
of the sample, recorded with an ionising potential of 
70 e . v. , revealed the presence of acetic acid, 
isobutene and traces of methyl bromide; no signals 
due to mesityl oxide (parent less methyl, m/e 83) or 
methyl butenes (parent m/e 70) were evident. 
81. 
The remainder of the sample was dissolved 
in 0.2 mls. of ethanol. 2 m.l. samples of this 
solution were injected onto column Bat 80° (Section 
c-ii). Neither mesityl oxide nor methyl butenes 
were detected; ethanol and acetic acid were the only 
obvious components of the solution. It was concluded 
that mesityl oxide and the methyl butenes were not 
formed in the "work-up" process. 
(ii) U.Ve absorption spectroSCOEY 
Hydrogen bromide ( c. 8 0 me m. ) was "blown-in" 
upon a mixture of acetic acid (108.7 m.m.) and 
isobutene (122.5 m.m.) at 446°. After 0.4 mins. of 
reaction the sample was "bulbed" (sodium hydroxide 2 
gms., magnesium perchlorate 6 gms.) for 1 min.; the 
0 remnants were pumped through a U-bend held at -80 
and the condensables diluted to 10 mls. with distilled 
water. The ultraviolet spectrum of this solution 
showed no absorption at 245 m_;P. This was taken as 
evidence that mesityl oxide is not formed during the 
"work-up" process. 
82. 
F. ESTIMATION OF MESITYL OXIDE 
Calibration 
Mesityl oxide,when dissolved in water, has 
an extinction coefficient of 11,200 at 
max 
69 245 m;,b,. Aqueous solutions containing varying 
concentrations of mesityl oxide were prepared and 
their absorbances were measured at 245 m;)-' .. 
17 lists the data. 
TABLE 17. CALIBRATION FOR MESITYL OXIDE 
CONCENTRATION 
Absorbance 
Table 
a Cone. of mesityl oxide 
(moles. litre-l)x 104 ~ 
max 
245 m_,u. 
0.3 
0.6 
1.4 
1.7 
2.0 
0.31 
0.65 
1.47 
1.65 
1.88 
a.Using matched silica cells with 1cm. pathlength. 
(a) Estimation Using Controlled "Bulbing" 
Work-Up 
Acetic acid (143.7 m.m.) and hydrogen 
bromide (201.8 m.m.) reacted for 8.00 mins at 466.6° 
-1 -1 (k 2 = 410 c.c. mole. sec. ) . 
83 ~ 
A series of reac tionsf in which the initial pressures 
of a.cetic acid, hydcogen bromide, and isobutene were 
kept roughly cons ant to within ±15%, was carried out 
0 
at 466 . 6 o Reac ion mixtures were removed from the 
reaction vessel a various times, and "bulbed" over 
sodium hydroxide ll 0g o) and magnesium perchlorate 
(15g . for precisely 0 o70mino 0 The -80 condensables 
were then trapped, and diluted to 10 molo with water. 
The absorbance a 24 5 m ,:;u.o was measured, and the 
results are reported in Table 18 ~ 
A similar set of experiments were carried out 
at a temperature of 440 . 7° 
Table 19 . 
Results are shown in 
In a con rol "work-up", mesi tyl oxide 
-3 (3 a2x10 moles and hydrogen bromide ( 133 07 m~m were 
mixed in the reac ion vessel at 466 ~6° , The mixture 
was immediately "bulbed" as described above , and the 
-80° condensables were analysed for mesityl oxide as 
before . Found: 3 . 2xlo- 4 moles, initially used:3 2xlo- 3 
moles~ A series of such experiments showed that 90% 
of the mesityl oxide was lost in the work-up procedure 
In Sec ion Efi and E (ii, the absence of rnesityl oxide 
84 , 
was used as a cr i t e r ion that this compound was not 
produced in the "wo rk - up" process .. Thi s c riterion 
appears to remai n valid , since with onl y a 10 % recovery 
of mesityl o xide , he method of analysis rema i ns 
sufficien ly sen s itive ~ 
TABLE 18 FORMATION OF MESITYL OXIDE WITH EXTENT 
OF REACTION AT 466° - "BULBING" WORK- UP 
Reaction 0 0 0 Absorbance Moles of l:)..p p HOAC p HBr p i'bene (m . m r Time 6 (m" m 'mom) m .. m) M,, Ooxl0 (mins . ) 
2 ~25 c .. 28 o5 168 ,, 7 169 07 216 06 0 o77 0 0 7 7 
4 " 00 54 o5 208 ~1 16 6 0 6 197 . 3 1 319 l " 19 
8 .. 00 68 05 .175 - 2 18 3 0 2 228 01 1 . 34 l o34 
10 00 7 5 ., 5 16 1 , 5 17 6 7 207 " 8 1 ,, 46 1 346 
18 . 00 93 .. 0 152 01 190 02 227 . 2 l o7 9 1 .. 79 
40 . 00 112 - 0 150 9 174 - 0 225 . 6 l o92 l o9) 
Reac 1.on 
Time 
(mins,, 
10 
20 
30 
50 
80 
0 
p HOAc 
<rn. rn ~ ) 
145 . 8 
162 ,, S 
145 7 
14 7 9 
14 5 
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TABLE 19 FORMATION OF MESITYL OXIDE WITH EXTENT 
OF REACTION AT 440° - "BULBING" WORK-UP ~ 
-~~ 
L\.p 0 0 0 Absorbance Mo p HOAc p HBr p i'bene es 
(m . m <mom m. m) (m ,, m of M,, Oo 
10 6 X 
24 . 0 122,2 9 4 ., 7 113.6 0 "58 0 , 61 
32.7 16 2 . 7 6 7 .. 6 91 .7 0 "90 0 " 90 
44 . 0 151 . 9 84 o0 94 . 5 1 . 22 1.21 
48 . 0 153 , 4 7.3 . 0 94 . l l o55 1 .. 4 9 
57 .. 0 160 7 69 " 7 90 ~1 l " 81 1 .. 82 
TABLE 20 FORMATION OF MESITYL OXIDE WITH VARYING 
ISOBUTENE AT 440° - "BULBING" WORK-UP 
0 0 A P ,1 0 . 00 Absorbance Moles p HBr p 1. ' bene 
<m. m. ) )\ 245m~. of M"O" <m. m. <m. m .. max 
10 6 X 
~~ 
6 3 0 2 0 20 . 5 
83 ., 6 36 0 26 .. 7 1 .. 05 0 52 
70 ., 2 8 7 7 21 . 9 1 . 20 0 .. 60 
82 7 140 5 22.0 1 42 0 " 71 
91 . 8 220 7 22.3 1 . 56 0 3 78 
~-
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(b) Estimat on o~Mesi y l Oxide: Use of Ketene 
Previo s a empts o estimate mesityl oxide 
were nsucc essf l 
trapped directly a 
When reaction mixtures were 
0 
-196 , the low boiling , green oil 
which apparently po l ymerises to a brown substance on 
warming o amb ien temper atur es , was found in t he 
condensables ., An ostensibly identica l compo nd is 
produced from reaction of mesi t yl oxide vapour with 
hydrogen bromide at room temperature . 
"Bulb1. g" procedures (Section E ( a ), which 
remove hydrogen b orn1.de from reaction mixtures, were 
sed in an a tempt to eliminate the loss of mesityl 
oxide resul ing from reaction of mesityl oxide with 
hydrogen brom de o u side the reaction vesse , 
method , however, resulted in 90% ass of mesityl 
This 
oxide Af er his series of runs using the "bulbing" 
technique, the "pot- ap" was removed, an was found to 
contain an accum at1.on of the brown compound which 
was apparently 1.dentical wi t h the product of reaction 
between mesityl o xide and hydrogen b amide at room 
tempera ure 
A me hod of removing the hydrogen bromide 
f om the reac ion mixture, while still in the r eac ion 
8 7 
vessel, is prov ded by the reac ion of ke ene wi h 
hydrogen bromide n 
in c· ,., O " 5 o min ~ a 
Ketene reacts with hydrogen bromide 
424° a · t , accor ing o he equation 
(Section I, Chapter I )q 
HBr 
In th1 s t echn ique, a t the conclusion of a r n , ketene 
(freshly prepared, Sect on B) is "blown- in", in slight 
excess, o~to the reaction mixture containing hydrogen 
bromide . The reaction mixture is trapped a t -80° and 
analysed for mesityl oxide in the usual way . 
Acetic acid (89 ~3 mem. ), isobutene {22 ~8 m~m. ) 
and hydrogen brom ' de (52 o7 m. m. ) reacted for 12 ~5 min n 
0 
at 474 4 9 Ketene ( 60 mem.) was blown in upon the 
reaction mixture _ The reaction mixture was distilled 
. o0 1 ' f h nto a -8 trap at time, t = . 3o2 min ~ rom t e 
commencement of he run r A trace only of the uniden-
tified ight-green oil, which was previously formed in 
substantial amoun s, was apparent in the -80° conden-
sables The -80° c ondensables were diluted to 50 ml ~ 
with water, an the spectrum in the region 250 - 325 m_yU ~ 
was recorded n The moles of mesityl oxide formed 
were calcula ed wi h he aid of the calibrat ion curve 
Sec ion F ) , and are reported in Table 21 Table 
88 
21 also gives d ata for other similar rea c tions c arr ied 
0 0 
out at 474 04 and 440 . 7 . 0 For runs at 440 .7 , ketene 
was introduced i nto the reaction vesse l c. 15 min 
after commenc ement of the run . The - 80° condensables 
were diluted to 25 ml . with water. 
TABLE 21 . ANALYSES OF MESITYL OX IDE - USE OF KETENE 
Temp . 0 p HOAc 
0 
Pi' bene 
(m .m) 
0 
p HBr 
. a Reaction ~ pb Absor - Moles 
(m.m) bance of M. Oo 
474 . 4° 
474 . 4 
474.4 
474.4 
440 . 7 
440.7 
440 . 7 
440.7 
440.7 
440.7 
(m.m) 
89.3 
80.9 
54.7 
61.4 
58.6 
65 . 2 
63.0 
62.4 
65.6 
64.6 
52.5 
52 . 5 
93.2 
142 ,, 6 
0 
51 . 3 
66 . 3 
149 "7 
151 . 3 
218 . 9 
270.0 
(m .m) 
52 . 7 
41.3 
64.1 
56.8 
52 . 6 
27 . 0 
70.2 
62 . 6 
61.1 
71 . 0 
54.9 
Time 
(mins.) 
12.50 
14.50 
12.50 
13.80 
15 . 00 
15.10 
16 . 20 
15.40 
15.70 
16 . 75 
16.60 
24 . 2 0 . 28 
20 . 0 0 . 24 
21 . l 0 . 41 
19 .7 0 . 64 
14 . 0 0 
11 . 5 0 . 1 
16 .7 0 . 24 
16 . 5 0 . 76 
15 . 0 0 . 93 
13 . 0 1 . 14 
X 1 0 6 
1 . 4 
1.2 
2 . 0 
3 . 2 
0 
0 . 3 
0 . 6 
1 . 4 
1 . 9 
2 . 3 
2 . 9 
a 
Time of reaction is the time interval between the "bl owin g- in " 
of hydrogen bromide and the introduction of ketene , 
b 
C 
Values quoted fo r total pressure increase are er r or p rone 
as, in general, it was necessary to extrapolate the ra t e 
profile from c . 8 mins and 11 mins. at 440° and 4 7 4 8 , r e sp ectively 
Run carri~1 out in pa ked vessel having surface : vo lume 
= 8.0cm All other ru n s were_ 1arried o ut i n a v esse l w th surf ace: vol u me : 0 . 8 cm . 
(i) DeEendence of mesityl oxide concentration on 
isobute e Eressureo 
89 ~ 
For runs carried out with fixed pressures of 
acetic acid and hydrogen bromide, but varying pressur es 
of isobutene, it is possible t o show the dependen e 
of mesityl oxi de formation on the initial pressure of 
isobutenen In practice, it is often difficult to 
maintain the constancy of the pressures as required . 
An additional difficulty is experienced in introducing 
the ketene at a precise time, and concluding all runs 
after the same time interval . Thus, in Table 21 
both the initial pressures of acetic acid and hydrogen 
bromide, and the reaction times vary considerably . 
These variations are, however, not nearly so marked 
as the variations in the pressures of isobutene,which 
are systematic, and should dominate any trend . 
F ' gure 17{a) plots the moles of mesityl oxide formed 
at 440° and 474° against initial pressure of isobutene a 
The results clearly show that mesityl oxide concentration 
increases with increasing initial pressures of isobutene; 
although the plots appear reasonably linear, no 
quantitat ive relationship i s justified . 
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(ii) Dependence of mesityl oxide concentration upon 
extent of reaction. 
Reaction mixtures containing approximately 
60 m.m. each of acetic acid, isobutene, and hydrogen 
bromide, reacted for varying periods up to 40 min. at 
440°. At the end of a run, ketene was introduced for 
0. 7 min., in amounts in slight excess (c. 10 m .m.) 
of the pressure of hydrogen bromide calculated from 
pressure-time data. Each reaction mixture was trapped 
0 
at -80 , and this fraction was made up to 25 ml. with 
water. The moles of mesityl oxide were determined as 
before. 
The results of these determinations are 
reported in Table 22. To obtain an accurate estimate 
of the effect of the initial pressures of isobutene 
upon the amount of mesityl oxide formed, variables 
such as the initial pressures of acetic acid, isobutene, 
and hydrogen bromide should be fixed. Examination 
of these data, in Table 22, shows some variation in 
the initial pressure values. It . is, therefore, 
desirable to make such corrections as will bring the 
parameter, A p, which is used to measure the extent of 
reaction, to some standard value. It has been shown 
91. 
(Chapter I) that in the reaction of acetic acid with 
hydrogen bromide, the rate , or the extent of reaction 
in a given time, is proportional to the product of the 
pressures of these reagents. In the presence of 
isobutene, it h as been shown (Section C, Chapter II ) 
that the extent of reaction, measured in t erms of 
pressure change, is inversely proportional to the 
pressure of isobutene. Although the exact relationshi p 
with isobutene is not clear , use of a first-order 
dependence should not introduce gross errors for small 
corrections. Thus, the extent of reaction, a p, can 
be written, 
0 o 
p HOAC x p HBr 
0 
p i'bene. 
While for some chosen reference standard, the extent 
of reaction,~ Pcorr is 
A Pcorr ct:, P
0
HOAC (standard) p 0 HBr (standard) 
0 p . b (standard ) i ene 
Examination of the data in Table 22 suggests that 
reasonable standards, involving minimal corrections 
are: acetic acid, 60 m.m; isobutene , 70 m. m. ; 
0 
PHOAC 
(m . m 
60 . 3 
63 . 0 
56 8 
49 . 4 
92 -
hydcogen brOffildeN 65 ffi offi , 
may be wr.1. en: 
Using these val es, ~P 
corr 
t::,. pcorr = 
60x65 
70 
0 
Pi'bene 
0 0 
PHOAC PHBr 
Ap 
Tab e 22 lists valueo for the term l::,.p 
co r 
The plo 
of l::,.p versus mo l es of mesityl oxide formed is corr 
shown in Figure 17 (b ) . This plot shows t hat mes ityl 
oxide is steadily formed throughout the course of the 
reaction ., 
TABLE 22 . EXPERIMENTS DEMONSTRATING FORMATION OF 
MESITYL OXIDE WITH EXTENT OF REACTION AT 440° 
0 0 
Pi 'bene PHBr 
(m . m. (m me 
60 " 9 
66 . 3 
84 n 1 
83 6 
74 ~ 
70 2 
5 7 5 
Reaction A p t::,. p ~ t corr T 1.me 
(mins 
16 020 
25 70 
40 ,, 30 
(m . m o) (m ,, m ) 
C ~ 8 . 0 
21 . 3 
24 . 0 
28 1 
36 ,, 7 
Absor-
bance 
0 09 
0 ,, 41 
0 .. 56 
Mo les 
of 
6 MoOoxl0 
0 2 
0 " 6 
l ., 0 
1 - 4 
(111) Control ex~eriments~ 
The effec of ketene on isobutene 
70 71 Brooks and Wilbert and Nay oc have 
repor ed reactions of ketene with olefins in solution r 
These authors used either rela ively high emperat res 
and pressures, or added sulphuric acid to has~en the 
reac lOnr In view of this, it appears that a reac ion 
between ketene and 1sobutene, to produce me ityl 
oxide, is possible in the work-up procedure previously 
described~ Sec ion b)~ 
Ketene (126~2 m. me) and isobutene (7 0 3 m~mr) 
were mixed at 440° for Or 7 mins . The sample was 
distilled into a -80° trap and the condensables diluted 
to 25 mlsg with wa er. The solution produced no 
detectable absorption at 245 mt,1 . 
A mixture of a etic acid (82 3 m~m), 
isobutene (77 5 mm ~ and ketene (88 4 mm ~) was held 
at 440.7° for 0 ~7 mins~ The reaction mixture was 
condensed at -80°, diluted with 25 mls of wa er, and 
analysed for mesityl oxide, as before . 
oxide was detec ed~ 
No mesityl 
94 ,, 
Therefore, under these work-up conditions 
no rnesityl oxide is formed e Contributing factors to 
this absence of de ectable reaction are probably: 
he reaction vessel and c . 2 secs after 
pumping out 5 
2) the low partial pressures of reactants 
The effect of ketene on acetic acid 
72 Dunbar and Garven report acetylation of 
rnonocarboxylic acids by ketene in solution; acetic 
anhydride would be the major product of such a 
reaction between ketene and acetic acid at ambient 
temperatures 
Acetic acid (53. 4 mm . and ketene 
(134 8 m. m. ) were mixed at 440° for 0 ~7 mins e , and 
condensed at -80° n An aqueous solution (25 mls ~) of 
the condensables at -80° showed no struc ure in a 
U . V spectrum, n the wavelength range 200-450 m;f'u 
Acetic acid (66 . 8 m. m. and hydrogen 
bromide (50 o9 mm . ) reacted at 440°, (k
2 
= 240 c . c , 
-1 -1 
mole sec 
• After 8 075 mins of reaction, ketene 
122 . 1 mm .) was "blown-in", 0 and the -80 condensables 
95 .. 
were collected 0 ~7 mins ~ later ~ The sample was 
diluted to 25 mls . with water.. While no absorption 
was detected at 2 4 5 m /'· . , a small peak at c 2 7 6 m ;,U~ 
was apparent ,, Further characterisa ion of the 
compound producing this absorption was not pursued o 
To summarise, mesityl oxide is not formed, in 
detectable quantities, from the addition of ketene to 
reaction mixtures of acetic acid, hydrogen bromide and 
isobutene, under the conditions previously described 
(section b-i . 
F . HOMOGENEITY OF THE REACTION 
Runs were carried out in a vessel with 
surface to volume ratio 0 . 8 C. m. -1 To test the 
homogeneity of the reaction, two runs were carried out 
in a packed vessel having surface to volume ratio 8 00 
-1 
C . m. 
Acetic acid (62 . 4 m.m.), isobutene (149 . 7 
m.m . ) and hydrogen bromide (62 . 6 m. m. reacted for 
15.40 mins - at 440 7°. Pressure increased smoothly 
with time, p .z 16 . 6 m. m. Ketene (70 m. m. ) was 
0 
"blown-in" and the -80 condensables were diluted to 
25 mls. with water . The sample was analysed for 
96 . 
mesityl oxide: -6 found, l . 4xl0 moles o Figure 
17(a) shows tha these results re in good agreement 
with those obtained for the unpacked vessel ,' 
In ano her run in the packed vessel, acetic 
acid (57 , 9 m~m. ), isobutene (68e4 momo and hydrogen 
bromide (69 o2 m~mo) reacted for 25 00 mins A at 440 . 7° 
Pressure increase was 22 . 1 m~m., which closely agrees 
with the results obtained using the unpacked vessel . 
It was presumed that the reaction is 
homogeneous .. 
G, SUMMARY 
The effect of isobutene on the reaction of 
acetic acid with hydrogen bromide is worthy of a 
summary at this stage The following experimental 
facts have been established: 
1) Added isobutene has been shown to lower the 
rate of pressure change for the reaction ~ 
The lowerin~ of rate of pressure change is 
related to the pressure of isobutene 
added No region of "maximal inhibition" 
is seen, 
97 . 
2) In the pre ence of isobutene, the reaction 
produces me ityl oxide, and a mixture of 
the i omers of the methyl butenes, in 
addition to the usual products methyl 
bromide, water, and carbon monoxide o The 
amount of mesityl oxide formed is 
proportional to the pressure of isobutene 
used, although the quantative relationship 
between the two is not established, 
3) The moles of mesityl oxide formed increases 
as the extent of reaction increases 
These observations are consistent with a reaction 
between some intermediate of the acetic acid-hydrogen 
bromide mechanisms and the isobutene , This reaction 
produces mesityl oxide, and competes with the decom-
position of the intermediate into carbon monoxide, 
water, and methyl bromideo Such a scheme requires 
that the reaction of isobutene with the intermediate 
gives a smaller pressure change than does the 
decomposition of the intermediate, thus resulting in 
the lower rate of pressure increase that is observed 
on addition of isobutene . 
98 " 
H. THERMAL REACTIONS OF MESITYL OXIDE 
ta Decompos tion 
(1. Rate of decomposition in t he te!!l_perature 
0 
ranSI_e 447-496 
In a typica experiment, mesityl oxide 
(96 . 0 mm.) was "distilled-into" the reaction vessel 
held at 455 2°; the pressure, time profile was plotted 
over c.50 mins and is reproduced in Figure 18 (a) . 
A kinetic trea ment, first order in mesityl oxide, based 
on a stoicheiometry embodying one molecule decomposing 
to two molecules, began to deviate after c ~20 mins, 
( ~ p/p0 = 0 26 ; the first order rate constant, m.o ,. 
-4 -1 k 1 , up to this point had a value of 2 . 2xl0 sec . 
A number of runs at various temperatures 
gave similar results (see Appendix II ). First 
order rate constants were calculated from rate profiles 
exhibiting c 20% increase in the pressure of the 
reaction mixture; mean values are listed in Table 23 ~ 
The range of initial pressures of mesityl oxide was 
not large enough for a rigorous kinetic analysis of the 
early stages of reaction; however, Figure 18 (b ) shows 
that this assumed first order kinetic treatment allows 
a sensible Arrhenius plot to be constr cted Thus, 
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variat on of ra e fo r the initial 20% reaction over 
the tempera re range 447-496°, may be described by 
the expression, 
-63,240 
RT -1 
sec o 
TABLE 23 VARIATION OF FIRST ORDER RATE CONSTANTS 
WITH TEMPERATURE 
Temp . 
447 . 0° 
455 2 
474 4 
486 .7 
496 09 
(ii 
mins . at 
No . of Runs 4 Mean k 1 x 10 
2 
8 
3 
9 
5 
Products 
Va:e_our e_hase 
Mesityl oxide 
447°, kl - 1 6 
chromatography 
-1 ( sec .. ) 
14 . 4 
25 
(88 00 m.m .) reacted for 32 000 
X 10-4 sec. -1 The mixture • 
was pumped through a U-bend held at -196°; permanent 
gas was detected at the pump . Analysis of the -196° 
fraction was carried out, using Column C attached to 
an F and M, model 500, gas chromatograph ~ Column C 
(6' x /8" cons1sted of Silicone grease on 60-80 
100 
mesh P 500~ Helium was used as the carrier gas at a 
flow rate of 25 ml . -1 ml.n o The column was held at 
30°, and the detector block and inlet were held at 
Under these conditions Column C separated 
authentic samples of isobutene (90 sec o) , 3-methyl 
but-1-ene (140 sec ~), 2-methyl but-1-ene (1 80 sec ~) , 
and 2-methyl but-2-ene (220 sec.). The methyl 
butenes are formed in the reaction in the proportions 
(calculated from a calibration curve us ing known 
mixtures as in Section Db-ii): 
3-methyl but-1-ene: 2 methyl but-l~ene: 2 methyl 
but-2-ene - 3:44:53 . 
These values agree reasonably well with the 
thermodynamic proportions of these isomers at 720°K 
t d b t . 6 7 dd . . 1 repor e y S imson e Two a itiona, quite 
minor peaks (c o5% of total methyl butenes ) appear 
on the chromatogram with retention times 60 sec~ 
and 170 sec and are possibly due to c3 and c5 
hydrocarbons respectively . The peak at 170 sec . 
corresponds with that observed for isopentane . 
(74 .. 2 rn . rn 
In a similar experiment, mesityl oxide 
reacted for 3 . 0 mins 0 at 44 7 , 
101 
-4 -1 (k 1 = 2. 0 x 10 sec. ) . The gas-chromatographic 
analysis reproduced these former results. The 
quantities of isobutene and total methyl butenes are 
shown in Table 24 c 
TABLE 24. FORMATION OF OLEFINS AT 447° 
a . b a . 0 
moles of Pressure of Moles of Pressure p m. o. Isobutene Total Methyl (m . m. ) isobutene 
II pot II Methyl Butenes 
xl0- 3 
in 
(m. m . ) Butenes II pot II 
xl0-3 (m.m.) 
88.0 0 .5 9 0.8 15 
74.2 0 3 5 0.6 11 
a. Calculated from pressure, volume and 
temperature data for concentrations at 
termination of reaction. 
b. Isomer distribution is reported in text. 
Mass spectrometrx 
of 
in 
Mesityl oxide (93.5 m.m.) reacted for 6.75 
. o 10-4 -1 m.ins. at 486.7 , k 1 = 16.0 x sec. The 
mixture was passed through a trap held at -196° and 
the permanent gas was collected in a 5-1 . tap-vessel . 
Mass spectra of both the -196° fraction and the 
permanent gas sample were recorded. The -196° condensable 
fraction was connected to the inlet system of the 
102 
0 mass spectrometer and allowed to warm to 0 , thus 
minimising the amount of mesityl oxide admitted . 
Figure 18(b) shows the mass spectrum . The peaks 
at m/e 70, 55, 40 are characteristic of methyl 
butenes. Those at m/e 56, 41 are charac eristic of 
isobutene. These results confirm that methyl butenes 
and isobutene are major products of the reaction . 
The mass spectrum of the permanent gases 
is shown in figure 18(c). The major peaks are at 
m/e28,16, and 12 are consistent with carbon monoxide, 
and those at m/e 15, 14, 13 additionally show the 
presence of methane (c. 30% of carbon monoxide)o 
Thus 1 carbon monoxide and methane are major products 
of the reaction . 
(iii) Stoicheiometr~ 
Mesityl oxide (82 ~4 mm.) reacted for 
243.4 mins . at 455.2°, 11 k 1
11 = 2 . 0 x 10-4 sec . -l 
This reaction time corresponded to c. six half-lives, 
on the basis of the initial, assumed first - order 
kinetics and a stoicheiometry which yields two moles 
of products from one mole of reactant . Pressure 
increase was 77.5 m.m . which leads to pf /p 0 = 1 . 94 
moo . 
f 
where p is the pressure after 6 half-lives, and 
0 
Pm.o . is the initial pressure of mesityl oxide 
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(b) The Reaction of Mesityl Oxide with 
Hydrogen Bromide 
(i Rate of reaction at 426°-455° 
Runs were carried out by "distil l ing-in" 
mesityl oxide, measuring its pressure and immediately 
introducing hydrogen bromide by the "blow-in" 
technique . Pressure-time profiles were constructed 
in the usual manner . Figure 19(a) illustrates a 
representative result at 441 . 1° using initially 223.8 
m.m. of hydrogen bromide and 137.3 m. m. of mesityl 
oxide. A kinetic treatment was applied assuming 1,1 
consumption of reagents,and a reaction stoicheiometry 
in which two moles of reactants form three moles of 
products; 0 a plot of log . pHBr - 6. p against time 
Po -AP 
meO . 
is also shown in Figure 19(a). The assumed kinetics 
describe individual runs for up to c . 32% consumption 
of mesityl oxide at each temperature . However, the 
values calculated for the second order rate constant 
vary with initial pressures (see Appendix II) e g . 
at 455 . 2°, when the initial pressure of hydrogen 
bromide was increased from 96 . 3 m. m. to 240 ~3 m. m 
with relatively constant initial pressures of mesityl 
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oxide (c.130 min ") the Value of k 2 falls from 6 05 CoC. 
-1 -1 - 1 -1 
mole. sec. to 2 . 6 cc . mole . sec . 
Second order rate constants, 11 k 2
11
, were 
calculated wi h no allowance for mesityl oxide 
decomposition, (Table 25, Appendix II). A closer 
description of the rate of reaction of mesityl oxide 
with hydrogen bromide is probably given by the 
following treatment, which allows for a contribution 
to total rate of pressure increase from mesityl oxide 
decomposition: 
Rate - k 2 (p
0 
m . Oo 
0 0 0 Rate - k . p = k2(p x P HBr) 1 m.o . m.o. 
where k 1 is the first order rate constant for mesityl 
oxide decomposition at any temperature, (Section E. 
1-i) . Values of k 2 calculated by this method are 
listed in Appendix II, and mean values are reported 
in Table 25 ? 
1 05 
TABLE 25 . MEASUREMENT OF RATE VARIATION WI TH 
TEMPERATURE FOR MESITYL OXIDE - HYDROGEN 
BROMIDE REACTION 
Temp. No of Runs 
Mean "k " a 
2 -1 (c c. mole 
sec . - 1 ) 
Mean k 
2 
- 1 (c. c . mole 
- 1 
sec. ) 
b 
-------~ --------- ----------~·----'-~-
426 - 0° 
441 . 0° 
455.2° 
4 
4 
5 
1 6 
30 
103 
1.1 
1.1 
4 . 1 
a. Second order rat e cons t ants from pressure, time 
profile . 
b. Second order rate constants after corr ecting for 
mesityl oxide decomposition. 
manner. 
0 Rates of Reaction at 407 . 6 
Runs were carried out at 407 . 6° in the usual 
Representat ive pressure- time curves are shown 
in Figure 20 .. In al l c ases a decrease in p r essure 
was observed initially , un t i l c . 5 mins After thi s, 
pressure increased smoothly with time for the next 
40 mins. 
It was desirable that a value for the total 
pressure of the reaction mixture should be obtained 
at zero time . This was achieved (run l a , Figure 20 ) 
by use of the following techniques: 
Run la: po -= 62 . 6 m.m. ffi o Oo 
lb 0 = 137 . 3 m. m. p m.o . 
le 0 = 122.l m.m . p m. o . 
ld 0 = 93 . 9 m. m. p 
m.o " 
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1 Mes1tyl oxide was "distilled-into" the 
reaction vessel and its pressure measured, 
2 he manometer was pumped out and hydrogen 
bromide distributed throughout the vac uum 
line from manome er to "pot-tap" o The 
"pot-tap" was quickl y revolved and the stop 
watch immediately started . 
The pressure of hydrogen bromide remaining in the 
line was noted {541 . 8 m. m.) and taken to be the total 
pressure of the mixture at zero time The accuracy 
of this proced re was examined by measuring the kinetics 
of the acetic acid-hydrogen bromide reaction using the 
same technique . 
Acetic acid (17 7 ol m. m0) and hydrogen bromide 
The point at zero 
time on the pressur e-time profile lay on the smooth 
curve which -1 ed to a value for k 2 = 65 ~3 C o C . mole o 
-1 
sec. This is n excellent agreement with previously 
obtained results (Chapter I ). 
iii Products 
Vapour phase chromatograph¥ 
Mesityl oxide and hydrogen bromide, in varying 
pressures, reac ed for 33 mins . at 447° . The result1.ng 
0 
Pm o 
107 
reaction mixtu:ces were "bulbed" for 2 mins over 
sodium hydroxide 7 gms) and magnesium perchlora e 
(12 gms ~) and he condensables were collecte at 196°; 
a green, high boiling compound, which apparently 
polymerised to a brown oil on thawing, was present 
in this fraction . he remain ng constituents of 
this sample were eadily volatile at room temperature 
and were analysed by v p . c . as described in Section 
a,(ii) of this Part 
The volatile components of the -196° fraction 
were the same as for mesityl oxide decomposition 
(mainly isobutene and methylbutenes), with an additional 
compound which had the same retention time as methyl 
bromide (115 secs a ) also detected. Table 26 contains 
details of the runs and the amounts of isobutene and 
methyl butenes which were formed o 
TABLE 26 0 QUANTITIES OF OLEFINIC PRODUC~S FROM 
MESITYLOXIDE-HYDROGEN BROMIDE REACTION 
AT 447° 
0 a a 
PHBr Llp33 . 00 Moles of Pressure Moles of Pressure Isobutene of of Methyl (m. m. ) (m. m. ) (m m ) Iso- Methyl . 
xl0 3 butene Butene s Butenes in II pot II 
10 3 
1.n II pot II 
(m. mo. X (m . m. 
103 . 6 67 . 4 51 . 5 1 2 21 0 .7 12 
112.4 61 3 48 3 1 0 17 0 7 12 
122.9 64 .7 49 . 7 1~2 20 0 . 8 15 
a Calculated from pressure, volume and temperature data 
for concentrations at termination of reaction . 
08 
Methyl bromide was not estimated because of 
significant loss on the serum cap prior to inJection 
into the gas chromatograph; in general, the detected 
amounts were c 20% of isobutene concentration 8 
Mass SEec rometr~ 
Mes ityl oxide (62 .6 m.m.) and hydrogen 
. 0 bromide (479.2 m. m.) reacted for 12 mins . at 407 ; 
the pressure-time profile for run la is shown in. Figure 
19 (b . The mixture was "bulbed" and the condensables 
collected at -196° 0 Permanent gas was pumped off . 
Figure 19(b) depicts a mass spectrum of the 
condensa bles which were readily volatile at room 
temperature, and confirms the formation of methyl 
bromide (parent ion, m/e 94, 96), methylbutenes 
(parent ion, m/e 70) and isobutene (parent ion m/e 
56, paren minus methyl, m/e 41. 
(c The Effect of Isobutene 
(i) The decomposition at 474° 
The rate of mesityl oxide decomposition was 
-4 -1 given by k 1 - 8 . 2 x 10 sec . for c . 10 mins o of 
reaction at 474.4° (see Section a, (1 . In a small 
number of experimen s , isobutene was "blown-in" on a 
1 09 . 
measured pressure of mesityl oxide and a r ate constant 
first order in mesityl oxide as before, was 
calculated from t he pressure- time prof i le for 10 mins 
of reaction . Table 27 cont ains the r esults whi ch 
show that, when isobutene is present in e x ces s, t he 
v a l ue for k 1 i s de pressed by c . 50% . 
p 0 
TABLE 27 . THE EFFECT OF ISOBUTENE ON THE 
DECOMPOSITION OF MESITYL OXIDE AT 47 4° 
0 
m. o. X 10 4 kl Pi ' bene (m.m.) (m.m.) -1 (sec . ) 
72 . 7 341 . 3 4 .7 
78.3 325 . 3 5 . 5 
71 . 0 329 . 0 3 . 8 
(ii) The reaction of mesityl oxide wi th 
hydrogen bromide at 466° 
The effect of isobutene on the r ate of pressure 
increase was examined under conditions approaching those 
found in the acet · c acid-isobutene-hydrogen bromide 
reactions . Essentially, reaction mixtures contained 
a comparatively small initial pressure of mesityl 
oxide in re l ation to that of isobutene . 
Individual runs were carried out by firstly 
"distil ing-in" mesityl oxide, and then "blowing-in" 
isobutene, and then hydrogen bromide in that sequence e 
Pressure-time profiles were constructed over 10 mins ~ 
of reaction . Table 28 lists details of the 
experiments which indicate that the pressure increase 
after 10 mins. was reduced by a factor of c . 2 in 
comparison with similar runs in the absence of 
isobutene under these experimental conditions 
TABLE 28~ THE EFFECT OF ISOBUTENE ON THE REACTION 
OF MESITYL OXIDE WITH HYDROGEN BROMIDE 
AT 466° 
0 p 
m. o . 
(m . m. 
43 .1 
4 • 5 
48.8 
0 
Pi 'bene 
(mm " ) 
0 
303 ., l 
457 . 7 
0 
PHBr 
(m.m.) 
224 . 1 
155.9 
18.0 
fl.. P10.oo 
(mins. ) 
18 . 3 
9 0 
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RESULTS AND DISCUSSION. 
The gas-phase reaction of acetic acid with 
hydrogen bromide has been discussed in Chapter I. 
The evidence is in favour of a molecular process. 
However, in the presence of isobutene, over the temp-
erature range 407 - 474°, the rate of increase of 
dp pressure, dt' is lowered. Such an effect is generally 
an indication of a free-radical chain reaction. 4 
On the other hand, nitric oxide has no effect on the 
rate of pressure increase, for runs carried out 
0 
at c.440 , (Chapter I, Section H). 
The features of the effect of added isobutene 
on the reaction of acetic acid with hydrogen bromide 
are: 
1) The lowering of ~l is proportional to the 
amount of isobutene added, for initial pressures of 
isobutene up to 200 m.m., (Section C, Figs . 14a, 15a.). 
2) No region of maximal inhibition is found. 
3) Additional products, characterised as mesi tyl 
oxide and methylbutenes, (Section D), are formed . 
4) The amount of mesityl oxide formed is pro-
rela t ed to the initial pressure of isobutene, 
(Section F, Figure 17a). 
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5) Formation of mesityl oxide increases with 
increasing extent of reaction, (Section F, Figure 17b). 
In general, suitable olefins act as i nh i bitors 
of free-radical chains by converting the reactive 
radi c als involved i n the chain p r opaga tion steps, into 
relatively more stable radicals, thus slowing the 
overall process. The retarding effect of added 
olefins, such as isobutene, usually increases with 
initial pressure up to a point, and beyond this lies 
a region of maximal inhibition. Once in this region, 
increased pressures have no further effect upon the 
rate of reaction. In the acetic acid-hydrogen 
bromide case, isobutene produces no region of maximal 
inhibition, for pressures up to 200 m.m. 
An alternative to radical-chain inhibition 
is that isobutene reacts with either the reagents, 
products, or an intermediate of the acetic acid-
hydrogen bromide system. If this is so, values for 
~ 
dt need interpretation in terms of the stoicheiometry 
for such a reaction. In selected control tests, 
isobutene was shown not to react with either of the 
reagents or any of the products, to form mes i tyl oxide 
or methylbutenes. The evidence for reaction with an 
113. 
intermediate is strong and will now be discussed . 
The reaction between acetic acid and hydrogen 
bromide may be represented, essentially as 
CH 3COOH + HBr ~ Z + H20 ~ CH 3Br +CO+ H2o - (1 ) 
If "Z" is one of the intermediates I - V (See Discuss i on, 
Chapter I) water is in fact included in the assembly 
of atoms which forms the transition state, and the 
above scheme needs appropriate modification . To 
obviate discussion, scheme 1 will be assumed throughout, 
although the conclusions reached are independent of 
the various possible structures for "Z". 
The new products found in the presence of 
isobutene show that the overall process is 
Z+isobutene -->~ mesityl .oxide+ methylbutenes. 
This is not a stoicheiometric equation since it does 
not locate the bromine present in"Z". The pressure-
time profiles (Figures 13, 14b) show that isobutene 
lowers ~i· This requires that the reaction between 
"Z"and isobutene must have a stoicheiometry, such that 
any "Z" removed by this process gives rise to fewer 
molecules than does "Z" reacting according to scheme 
(1) above . More exactly, in scheme (1) "Z" goes to 
methyl bromide and carbon monoxide. Thus "Z" reacting 
l 14 ,, 
w ' th isobutene must produce less than three molecules 
for each molecule of isobutene and "Z" consumedo In 
view of the nature of "Z" (see Discussion, Chapter I 
and the firm identification of mesityl oxide as a 
reaction product, the reaction 
Z + (CH3 ) 2C . CH 2 ~ (CH 3 ) 2 C . CH . COCH3 + HBr 
seems chemically reasonable and moderate ly well-
- ( 2) 
establishede Qualitative analyses for mesity l oxide 
by mass-spectrometry and vapour-phase chromatography 
(Section D III, Figure 16c.) detected small amounts 
only of mesityl oxide . However, significant (c.90%) 
losses of mesityl oxide occurred during work-up 
procedures in the presence of hydrogen bromide,due to 
the fast reaction of mesityl oxide with hydrogen 
bromide. Subsequent analyses, in which hydrogen 
bromide was removed by reaction with ketene (Section F), 
led to the identification of much larger quantities of 
mesityl oxide (compare Tables 20, 21). These l ast 
analyses show that reaction (2) above,qualitat ive ly , 
at least, accounts for decreased values observed for 
dp dt in the presence of isobutene . 
The fo rmation of methyl butenes in the reaction 
mixture is explained from the study of the thermal 
1 15 . 
decomposition of mesi l oxide o Mesi yl ox1 e 
(Section H-a) decomposes in the temperatur e range 
447 - 496°, forming an isomeric mi ture of methylbutenes, 
isobutene, carbon monoxide, and methan e 
reaction is: 
The overall 
(CH 3 2ccH.COCH 3 ~ CO, methylbutenes, isobutene,CH4 -(3) 
The methylbutenes may result from a unimolecular 
eliminatio of carbon mo oxide from mesityl oxide, 
but this is speculation o It is difficult to fit 
isobutene and methane to a scheme ~ Methane may arise 
from a radical-chain process. The retarding effect 
of isobutene on the reaction supports such a view . 
Overall, the mechanism of this decomposition is not 
understood . 
The impor an feat re of the mesityl oxide 
decomposition is that it sensibly exp l ains the presence 
of the methylbutenes, as arising from a subsequent 
reaction of the mesityl oxide formed from "Z" " 
Importantly, also, the rate of change of pressure for 
this reaction is slow compared with that observed 
for the reaction of acetic acid with hydrogen bromide, 
f loo f ' 1 ' d dp . 159-c f ~ e . g . , or m. m. o mesity oxi e, t is c . o o dt 
116 ,, 
observed for the reaction of c al00 m. m~ of acetic 
acid with c 100 m. m. of hydrogen bromide . Thus , 
the observed thermal decomposition of mesityl oxide 
proceeds at a rate sufficiently slow (in terms of rate 
of pressure change , that the reaction between "Z" and 
isobutene can lower ~i ~ The effect of i sobutene on 
"Z" can now be summarised n terms of the reactions 
fast 
Z + i'bene ~ mesityl oxide+ HBr 
methyl butenes + CO+CH4 + isobutene 
where the "slow" step is sufficiently slow as not to 
disturb the effective zero pressure change in the 
reaction, over comparatively short times o 
Further complexity is added to the reaction 
scheme by the results from the study of the reaction 
of mesityl oxide with hydrogen bromide (Section H-b), 
0 over the temperature range 426-455 The major 
products of the reaction are methyl bromide, isobutene, 
and a permanent gas presumed to be carbon monoxide 
Additionally, the products obtained in the thermal 
decomposition of mesityl oxide are also present . It 
seems reasonable, from this evidence, to write the 
117 
reaction between mesityl oxide and hydrogen bromide as 
- ( 4) 
in addition to reaction (3) o Reac tion (4 ) may well 
be molecular. Details of runs carr ied ou t with mesityl 
oxide and hydrogen bromide are given in Appendix II . 
Al t hough i ndiv idu a l r uns a ppe ar t o be second o r der, 
values of k 2 vary with initial pressures of reagents 8 
Thus, the system is not a simple one . Certainly, 
hydrogen bromide could become involved in the suspected 
radical portion of mesityl oxide decomposition o A 
valuable point which emerges is that the rate of pressure 
increase resulting from the mesityl oxide-hydrogen 
bromide system is considerably slower (c o30% of the rate, 
as an upper limit) than the rate of pressure increase 
from the acetic acid - hydrogen bromide system, 
(Section H-b . 
A reaction scheme is proposed in Figure A. 
FIGURE Ao 
CH3 COOH + HBr Z + H20 ~ CH3Br +CO + H20 
methylbutenes, CO, 
isobutene, CH 4 
1b 'bene 
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This scheme accommodates the lowering of ~i observed 
on the addition of isobutene o When "Z" reacts with 
isobutene to give mes tyl oxide there is no resultant 
pressure change ,, The subsequent reaction of mesityl 
oxide with hydrogen bromide, and its thermal 
decomposit ion , are slower t han the overal reactio n of 
acetic acid and hydrogen bromide to give methyl bromide, 
carbon monoxide, and water, and are therefore slower 
than the reaction of 11 Z11 to these products .. Accordingly, 
any "Z" reacting with isobutene is following a reaction 
pathway which leads to a slower rate of increase of 
pressure than does "Z" which decomposes to methyl 
bromide, carbon monoxide, and water. Thus, the 
reaction scheme in Figure A satisfactorily accounts 
for the lowering of ~i in the presence of isobutene, 
ad the dependence of the lowering of ~ion the 
initial pressure of isobutene . It is further supported 
by the analytical data for mesityl oxide formation 
which show the pressure of mesityl oxide increases as 
the reaction progresses ~ Figure A portrays the reaction 
between "Z" and isobutene as reversible This seems 
to be the outcome of reaction (4) . 
119 . 
0 At 407 , the pres sure-time profiles fo r both 
the acetic acid-isobutene-hydrogen bromide system , and 
the mesityl oxide-hydrogen bromide system, exhibit 
an initial pressuce drop, (compare Figur es 13 and 20) n 
This similarity in behaviour provides addi ional evidence 
for t he in terrelated nature of thes e reactions . 
The effect of adding isobutene to the acetic 
acid-hydrogen bromide system, is to set in motion a 
number of inter-dependent reactions, the sum of which 
is too complex to enable the pressure- time profiles to 
be treated kinetically . The fundamental influence 
on the pressure-time profiles appears to be the 
formation of mesityl oxide. This is modified by the 
reversal to "Z" and isobutene, the decomposition of 
mesityl oxide and the reaction of mesityl oxide with 
hydrogen bromide . The qualitative analysis 
satisfactorily describes the results o 
The Nature of The Intermediate o 
The mechanism of the acetic acid-hydrogen 
bromide reaction has been discussed in Chapter I, and 
possible transition-states were discussedo It was 
also cone uded that if the reaction is of the type 
120 ,. 
represented by he hydrogen bromide catalysed 
decompositions of pivalic acid, methyl piva l ate and 
methyl formate, then in terms of a polar reaction the 
following mechanism applies 
CH3C0Br-+H2 0 
(VI) 
The reactions described by Figure A require that the 
intermediate "Z" has a lifetime sufficient to allow 
a number of collisionso The effect of added alcohols 
on the hydrogen bromide catalysed decompositions of 
, 36-40 pivalic acid and methyl pivalate provides strong 
evidence for the existence of a reactive acyl 
intermediate. The po ar transition-states V and VI 
are formally very similar to those proposed by Stimson 
and his co-workers, differing only in the branching in 
the side-chain o Inductive effects might be expected 
to make the pivalyl transition-state more stable than 
the corresponding acetyl transition-state o Certainly, 
it is true that added alcohols do not affect the 
43 reaction of hydrogen bromide with methyl formate o 
It seems likely that the stability of the acetyl 
transition state is intermediate between formyl and 
pivalyl, with the result that is sufficiently stable 
12 ~ 
to undergo a number of collisions, and sufficiently 
reactive to add on to sobutene 
74 In solu ion, isobutene is a c etylat ed in a 
Friedel-Craft's reaction, and forms mesityl oxide o 
The reac ion is considered 75 to proc eed through a 
heterolytic mechanism in which an acetoniurn ion 
attacks isobutene a The formation of mesityl oxide 
from the reaction of isobutene, acetic acid, and 
hydrogen bromide, in the gas-phase, is consistent 
with a reaction of isobutene and either of the 
polar transition-states, V or VI . The gas-phase 
reaction appears similar to that occurring in 
so ution o 
CHAPTER 3 
Pat I .., THE EFFECT OF ADDED METHANOL ON THE 
REACTION OF ACETIC ACID WITH HYDROGEN 
BROMIDE ,, 
Part II . THE REACTION OF METHYL ACETATE WITH 
HYDROGEN BROMIDE o 
Part I . THE EFFECT OF ADDED METHANOL ON THE 
REACTION OF ACETIC ACID WITH HYDROGEN 
BROMIDE AT 412° AND 48 7° ~ 
EXPERIMENTAL 
A. APPARATUS AND TECHNIQUE . 
12 2 ~ 
Equipment was identical with that described 
in Chapter I . 
a) Introduction of Reactants . 
Methanol was "distilled-into" the reaction 
vessel and its pressure measured . The U-bend of 
the reaction vessel was allowed to cool at room 
0 temperature and then frozen to -196 • Acetic acid 
was "distilled-in" and the total pressure measured ,, 
Acetic acid pressure was obtained by difference . 
Hydrogen bromide was "blown-in", and pressure, time 
values recorded at c ~ 1 min . intervals . 
B. MATERIALS . 
Methanol (May and Baker, A.R . grade ) was 
twice fractionated through a column (18" x ½" ) packed 
with Fenske helices Q Rejection of 50% of the 
distillate in head and tail fractions resulted in a 
123 .. 
(1 , 76 iterature 
0 64 . 65 /760m . m. 
Purity was confirmed by vapour phase 
chromatography using a column (6' x 3/8'' o ~d) 20% 
Carbowax 20 m on 60-100 sieved Embacel . 
C . KINETIC BEHAVIOUR o 
a) Pressure-Time Profiles at 412° . 
Acetic acid (160.0m.m.), methanol (27. 5 
m.m.) and hydrogen bromide (124.2 m. m. ) reacted for 
31 mins o at 412° . The resultant pressure-time 
profile is shown in Figure 22, run li. An initial 
period in which there is no significant pressure 
change was observed . Subsequently, pressure 
increased smoothly with time . Further reactions, 
using initial pressuresof methanol Up to C ol60 m. mo , 
reproduced this delay-time, (Figure 22). Results 
for a number of runs are summarised in Table 290 
FI G 22 µ t PROFILES FOR HOA c Me O H HIJ, SYSTt M AT J I? 
RUN lh 
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330 
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330 
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u.., 
Cl< 
::, 
V') 31C 
V') 
u.., 
Cl< 
<l. 
430 
420 
410 
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TIME m,n 
TABLE 29. 
Run 
lh 
1. 
J 
k 
1 
m 
n 
124 , 
RUNS IN THE PRESENCE OF METHANOL AT 412° . 
0 
p MeOH 
0 
p HBr 
(m.m (m. m. ) 
14 . 7 1 65 4 
27 . 5 124 . 2 
40 . 9 188 . 8 
80.9 118.9 
149.2 61.2 
156.6 67.4 
156.7 92.3 
0 
p HOAc 
(m. m . ) 
13 8 . 3 
160 . 0 
187 . 4 
145.2 
117 . 3 
102 a5 
126.2 
Delaya 
Time 
(mins a ) 
5 
9 
9 
14 
a. The length of delay-time is arbitrarily selected 
as the intersection of lines produced along the 
initial "flat" portion and the subsequent increasing 
segment of the pressure-time profile . 
For runs 1, m and n , the initial pressures of 
methanol exceeded those of either acetic acid or 
hydrogen bromide and the rate of pressure increase 
was quite effectively suppressed (c - 2 rn.m . for 20 
mins ) . 
b) Pressure-Time Profiles at 487° . 
Acetic acid (126.2 m.m.), methanol (175 . 9 m. m. ) 
and hydrogen bromide (84.6 m.m.) reacted for 40 mins . 
125 ~ 
Again, an initial delay period of c . 2 minutes on the 
pressure-time profile, (Figure 23) was observed o 
A smooth increase in pressure was observed after this 
initial delay o Table 30 summarises the data for a 
number of runs and representative pressure-time 
profiles are shown in Figure 23. 
TABLE 30. RUNS IN THE PRESENCE OF METHANOL AT 487° . 
Run 
2b 
2c 
2d 
2e 
0 
p MeOH 
(m m . ) 
157 05 
160 . 6 
175.9 
212 07 
0 
p HBr 
(m.m.) 
84.6 
0 
p HOAc 
(m.m . ) 
77.1 
93.9 
126 . 2 
Delay-Time 
(mins . ) 
3 
2 
2 
4 
In all runs methanol is initially in excess 
of either hydrogen bromide or acetic acid o A 
comparison of the approximate lengths of delay-times 
observed at 412° (Table 29, Figure 22), with those 
0 
at 487 , shows that the delay time induced by added 
methanol is considerably diminished when the temperature 
. . 0 is raised to 487 . 
0 
apparent at 487 • 
However,a delay-time is still 
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D. PRODUCT IDENTIFICATION 
(a) Within The Delay-Time 
Methanol (156 . 6 m. m.), acetic acid (102 . 5 
m.m . ) and hydrogen bromide (67 . 4 m. m.) reacted for 
9 mins. at 412~ Pressure increase was 0.5 ± 0.2 
m. m. The mixture wa s trapped at -80° . NO 
permanent gas was detected at the pump . The 
condensables were distilled into a 50 c.c . tap-
0 
vessel at -196 . The sample was allowed to warm 
to room temperature,approximately two minutes 
before injection into the mass spectrometer. 
This procedure minimises any esterification which 
might occur between acetic acid and methanol, 
at room temperature . 
Figure 24a shows a mass spectrum of the 
sample, recorded at 70 e.v. The spectrum is 
interpreted as being due to a mixture of the 
following: 
1) methyl acetate (parent ion, m/e 74; 
parent minus methyl, m/e 59) 
2) traces only of methyl bromide (parent 
ions, m/e 94, 96) 
>-
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V) 
2: 
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2: 
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3) water (parent ion, m/e 18) 
4) acetic acid (parent ion, m/e 60) 
5) methanol (parent ion, m/e 32 
The conclusion that methyl bromide is 
present in smal l amounts only, is justified by 
the fact that the signal i ntensities at m/e 94, 9 6 
amount to less than 10% of the intensity of those 
at m/e 74. The method of analysis would tend to 
enhance peaks due to methyl bromide relative to 
those due to methyl acetate, since at room 
temperature the vapour pressures are, methyl 
bromide, c.760 m. m. , methyl aceta~e, c . 600 7 8 rn. Ht . 
Analyses of a number of reaction mi xtures obtained 
during the period of the "delay-timen led to 
similar results. 
(b) After the Delay-Time 
Methanol (27.5 m.m.) , acetic acid (160.0 
m.m.) a nd hydr gen bromide (124.2 mom.) reacted 
for 32 mi 0 s . at 412. Pre s sure increase was 26.0 
m.m. The p essure-time profile is shown in 
Figure 22 , run li. The reaction mixture was 
trapped at -- so0• p t d t t d ermanen gas was e ec e 
128. 
at the pum. A ma .~ spec rum of the o:ndensable 
sample, obta.i ed be£o e, was consis ·ent with 
the ormat·on o meth 1 brom_!de (pa ent io- s, / 
94, 96), methyl acetate (parent ·o.o., m/e 74) and 
water ( parent io~,., m/e 18) . n t- _is ca e, the 
relative ·nt nsities of the pe~-s at m/e 94, 96 
and at m/e 74 were c .3:1, indicating that methyl 
bromide formation inc reases after the delay-time. 
Analysis of a number of reaction mixtures obtained 
after the "delay-t·me" led to similar results. 
(c) Control Experiment 
Aceti acid (73.1 m.m.) and methanol 
(78.7 m.m.) were mi ed at 415° or 20 mins. 
No pr sur cha.1 ge (~0.05 m.m. ) was d tect d. 
Th . t d t - 80° 0 e mix ure w s . appe a , no p ermanent gas 
was d tecte at ·h pump. A mas s spectrum of the 
condensables was r corded, using cond·t·ons 
identical wi h thos pr viously described £or 
analy is of ace ·c acid-methanol~hydrog n bromide 
reaction mi.t res . igure 24 b, hows themas 
pc rum and re~eal th presence of m thyl acetate 
(m/e 74, 59, 
(m/e 32, 31) . 
), ace ic acid (m/e 6 ), and methano l 
The ·mportan fe ture of this 
129. 
spectrum is tha· the relative in ensities of the 
peaks at m/e 74 and 32 is Co 1~15. This mean s 
that the percentage of methanol converted to methy l 
acet e~ nder ese conditions, is very small . 
A comparison of the rela ive inte nsitie s of the 
peaks a m/e 74 nd 32 in Figure 24 shows that 
the amount of methyl acetate formed in a reac ion 
mixture of acetic acid-methanol-hydrogen bromide 
is greater (at least twice, in this case) than the 
amount of methanol in the analysed sample. 
A reasonable conclusion is that the 
formation of methyl acetate in reaction mixture s of 
acetic acid, methanol and hydrogen bromide, does 
not largely result from direct esterification o 
acetic acid but from some other process. 
Eo STOICHEIOMETRY 
Construction of a detailed reaction profile 
showing the v ri tion of concentrations in acetic 
acid, methyl bromide, carbon monoxid , water, 
methyl acetate n methanol is essential to the 
elucidation 0£ his stoi heiomet ry . 
to b . done . 
This remains 
Me ·hanol (212.7 m.m.), acet ic acid 
{44.4 m.m.) and hy rog n b r omide 125.9 m.m . ) 
reac e a 487.4° £or 90 mins . Pre s· re change 
had e££e tively ceased (! 0.8 m.m.) £or the f"nal 
20 mins o, and total p ressure increa e was 60.9 m. mo 
I n this case, £or a reaction stoicheiome ry 
acetic acid (p~OAc = 44.4 m.m.) is the limit"ng 
reagent. Thus, to be consistent with the above 
stoicheiometry the £actor 
is the pressure increa se at 100% reaction) should 
equal loO. For this experiment, 
To brief y anticipate the results of Part 
II, thi~ r esult may b e basically consistent with 
th above stoicheiome try if an accompanying 
decompos· i on of me thyl acetate occurs under these 
onditions . No t orough, quantitat i ve i n estigation 
has been made o th"s pyrolysis . 
PART II . HE REACT IO OF METHYL ACETATE WITH 
HYDROGE BROMIDE IN THE TEMPERATURE 
RA GE 419-497~ 
EXP RIMENTAL 
A. APPARATUS AND TECHNIQUE 
(a) Introduction of Reactants 
Methyl acetate was "distilled-inn and 
hydrogen bromid sub equently Hblown-in° ., 
B. MATERIALS 
13 1. 
Me hyl acet te (May and Baker , Laboratory 
Chemical) was purified by the same fractionating 
methods u ed £or methanol (Part I)o The fraction 
r tained had B.P. 5408°/71209 momo (literature 77 
0 5 7 o 8 /7 60 m. m. ) o 
Gas chrom tography, using similar 
onditions to tlose described £or methanol (Part I), 
confirmed the purity. 
C. THE PYROLYS I S OF METHYL ACETATE IN THE 
TEMPERATURE RANGE 419-483° 
132. 
n a ttempting to obtain more accurate 
kinetic s for the reaction o f methyl cetate with 
hydrogen b amide, he decomposition of me thyl 
acetate was b riefly studiedo 
(i) Rate of Decomposition 
40 mins. 
Methyl acetate (24800 m.m.) decomposed £or 
0 
at 483.3. P ressure increased smoothly 
with t i me and a first order rate treatment, 
assuming one molecule decomposes into two molecules , 
was appl i ed ·o the initial 25% increase in 
pressure. Agreement with this kinetic form was 
X 10-4 -1 satisfacto r y ~ k 1 = 6.7 sec o , up to this 
extent of reaction but marked devi ation was 
apparent ere ftero 
At 419°, an initial slow sta r t was 
observed £or the · rst ColO mins . of reaction . 
First order rate constants obtained at thi s 
temperature are extremely crude approximations 
which de s cri b e ·he pressure increase after 40 mins. 
Mean first order rate constan s, obtained at 
various empe a ure . , are 1:ste n T ble 31; 
deta·1s of i div"dual runs are p reseLted in 
Appendix II-. 
TABLE 3 1 o RA . CONSTANTS OR METffi"L ACETATE 
DEO)MPOS ITION. 
133. 
No. of Runs Temperature Mean k 1 x 10
4 
-1 ( sec. ) 
5 
2 
2 
419.0° 
446.8° 
483.3° 
0.25 
1.0 
6.7 
The Arrheni u s plot of these results is 
shown in Figure 25a, and leads to an adequate 
expression of the variation of rate with 
temperature in the equation: 
= 1012.19 e 
-53,320 
RT 
- 1 
sec. 
No attempt was made to identify the 
product s of this pyrolysiso Permanent gas was 
detected at ·he pump after each run. 
Wolf and Ro sie7 8 report the formation of 
me hanol, cetaldehyde and wate r from pyrolysis of 
me hyl ace ate in an unpacked flow furnace at 
0 400-500. 
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Do PRODUCT IDENTIFI CATION 
Methyl cetate (111.7 m.m.) and hydrogen 
0 bromide (co31o3 mems) reacted at 493 £or 37 mins. 
Pressure incre se was c.124.8 m.m. The mixture 
0 
was trapped at -196; permanent gas was detected 
at the pump. Figure 25b shows a mass spectrum of 
the condensables, recorded on the most sensitive 
range, and is consistent with the following major 
products: 
1) methyl bromide (parent ions, m/e 94, 96) , 
2) methanol (parent ion, m/e 32). 
Also apparent is the spectrum of methyl acetate 
(parent ion, m/e 74). 
E. KINETICS 
(a) Pressure-Time Profiles 
Figure 26 shows typical pres s ure -time 
0 0 profiles £or runs at 419 and 483 , in which 
initial reactant pressures are : 
0 0 0 419 , run 3a: pMeOAc = 134.O m.m.,pHBr =,155.9 m.m., 
~ 4 -1 - 1 
- 9.9x1O c.m. m.m. 
F I G 2 6. p t P R O F I L E S F O R M e O A c H B r S Y S T E M 
RUN Jo 419 
320 
310 
300 
290 
E 0 10 20 30 
E 
u., 
0c: 
::, 
V) 600 V) 
u., 3b 483 ° 0c: 
Cl. 
0 5 10 
TIME m , n 
0 4830 
' 
n 3b ~ 0 MeOAc 
1 5 . 
8 7 .S m.m., 
A 419° 9 he curve is charac eri ed by an 
ap eciab. e fall .°n the rat e of pressure increase 
a ter c.2% increase in to al pressure. This 
effect does no . exist to any grea 0 degree at 483 . 
(b) he Effect of Adding Methanol at 483° 
Rea t"ons were carried out by firstly, 
"distilling-inr9 methanol, then secondly, methyl 
acetate, and i_ally hydrogen brom "de was wvblown-
in". Figure 27a illustrates the pressure-time 
pro iles or ·wo such runs, in which initial 
reagent pressures are : 
run 3e 
run 3£ 
0 0 ~ pMeOH - 17 8 . 1 mom o , pMeOA - 145 . 7 m . m . , 
76.2 m.m. 
0 0 
: PMeOH = 9lol m.m., pMeOAc - 189.5 m.m., 
0 
HBr - 104.4 m.m. 
o del y- . i me s evident on either curve; 
pre u e ncreases m o thly wi h . 1me. Con idering 
eta e and ha the ·ni t"al pre sures of me hy 
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hydrogen b rom·· d are approximately the same in b th 
runs , · t · s see hat a c . two-fo d · n rease n 
methanol concentration has the effect of Co halving 
the pressu e ·ncrease after 5 minso 
(c) Ki net i c Model 
The overall rate of pressure incre ase 
does not obey a s econd order rate form, with 1 ~1 
' 
consumption of methyl acetate and hydrogen bromide, 
based on a sto i cheiometry in which two molecule s form 
three molecules. This is particularly s o at the 
lower temperatures s tudied, and is due to the marked 
fall-away · n rate as the reaction progresseso 
The effect of added methano l is consistent 
with the r ate of overall reaction being depressed 
by reaction of methanol, one of the product s 
(Sect ion C) , with an intermediate, 1' Zs'' "in the 
reaction pathwayo 
requirements~ 
k2 
CH3 COOCH3+HBr tkl 
products of 
decomposit ion 
The following scheme fits the 
and involves the basic assumptions that : 
1) exclu ing the ecomposition of me ·hyl 
ace a , hydrogen bromide and methyl 
ace ate are consumed in equi molar 
proportions, 
2) initially, the rate of reaction is 
determi ed by the second order constant, 
3) a the reaction progresses, and methanol 
concentr tion builds up, the reversible 
step, whose rate is given by k 2
1
, 
becomes important, 
4) the de omposition of the intermediate, 
(rate constant k 3 ), is irreversible. 
A practical rate equation £or this scheme 
may be derive as follows : 
d(MeBr) 
dt 
assuming a steady state concentration of Z , 
d(.z) - 0 
dt 
- k 2 (Me0Ac)(HBr) - k 2
1 (Z)(MeOH) k 3 (z·) 
( z ) 
-
k 2 (MeOAc) (HBr) 
k3 
1 
2 (MeOH) 
nd 
let 
d(MeBr) -
dt 
1 
2 
3 
and if the reaction stoicheiometry is: 
p - ,6.p 
e Ap ~P Ap 
where pe and pa are the initial p r essures of ester 
and acid, respectively; ~ p is the pressure 
increase at any time, t, so that the total pre ssu re 
at tis given by : 
then 
~ = d(MeBr) -
dt dt 
k2 ( p e - A p ) (pa - A p ) 
1 + k" ( .6,p) 
Integrat i on yields the second order rate 
constant , k 2 , jj "., .6.p .dp p-Ap)(p-Ap) e a C 
where C is a cons ant. 
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ntegration of the £unction on the right 
hand s i de is ach i eved by parts . For simplicity, 
it is written as a function of x ~ 
f(x) l+k" .x -- -
(a-x)(b -x) 
-
Ab+aB 
k" 
-
so that 
B 
A 
and 
A + B 
-ra=-x) (b-x) 
Ab 
-
Ax + Ab 
( a-x) (b-x) 
- 1 
-(A+B) 
l+k"b 
(a-b) 
-(l+k".a) 
(a-b) 
-
f(x).dx = -A ln(a-xJ - b ln(b- x) 
recasting, in terms of pressures : 
Bx 
C - l+k"p . ln(p - AP )-l+k"p . ln(p - ~p) 
e e a a 
when t - O, Ap 0 
l+k"p .ln p - l+k"p .. ln Pa C = e · e a 
pe - Pa p -e Pa 
and the final rate expression . lS • 0 
k2. = l+k" .. p . ln(pe~P ;- l+k"p . In (Pa::P) e a 
Pe- pa pe - Pa Pe 
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Va ues which may be precisely determined 
by experiment are p and p, and 6.p at any time, t. 
e a 
The second order rate constant, k 2 , is calculable 
from rates in the initial stages of reaction, when 
methanol concentration is small. 
d) Calculation of Second Order Rate Constants . 
At 419°, no correction was applied for methyl 
acetate decomposition, due to an initial slow start 
to the pressure increase for this reaction at 419°. 
At 446° and above, initial rates were obtained 
(in m.m. min -l) by measuring the slope of the 
pressure-time profile for the first c .3 % of reaction, 
and subtracting the initial rate due to methyl acetate 
decomposition from this value Rate constants, k 2 , 
were calculated from the second order form: 
Initial rate= k (p 0 ) (po ) 2 MeOAc HBr · 
Table 32 contains the mean values of rate constants 
so obtained; details of all runs are given in 
Appendix III . 
Reactions at 497° were found to adhere 
reasonably well to a second order rate law up to 
c . 30% reaction, and rate constants were calculated 
141. 
for this extent of reactiono Figure 27& shows the 
agreement for a reaction mixture initially containing 
methyl acetate (199 02 m.m.) and hydrogen bromide 
o 2 -1 -1 (112.8 m.m.) at 497 , k 2 = 13xl0 Coe . mole. seco . 
TABLE 31. SECOND ORDER RATE CONSTANTS FOR METHYL 
ACETATE-HYDROGEN BROMIDE REACTION o 
No. of 
runs 
9 
6 
5 
4 
3 
2 
Sources of error 
Temperature 
41900° 
459.5 
474.8 
483.3 
497.3 
Mean k 2 
-1 -1 (c.c.moleo sec. ) 
149 
350 
514 
709 
886 
1183 
The rather large deviations of individual 
rate constants from the mean value (Appendix III) 
are reasonable in view of the uncertainties in the 
calculation; e.g., measurement of initial rates and 
a correction for methyl acetate decomposition o 
Additionally, the rate constants for 
reaction at 497°, calculated over c . 30% reaction, 
are an approximation only. This is mainly because 
no allowance is made for removal of methyl acetate 
by the straight decomposition. The gravity of this 
error increases with reaction time. 
e) The Arrhenius Equation. 
Figure 28 shows a plot of log. k 2 against 
the inverse of temperature, and leads to a satisfactory 
description of the variation in initial rate by the 
. 
expression: 
-28,960 
RT -1 -1 
c.c.mole . sec. 
The value of 1011 · 31 for the pre-exponential 
term compares with 10 11 · 67 obtained for the acetic 
acid-hydrogen bromide reaction (Chapter I) . These 
terms are identical within the limits of experimental 
precision. 
The activation energy for the methyl acetate-
hydrogen bromide system is 1,440 cals. less than that 
obtained for reaction of acetic acid with hydrogen 
bromide. 
30 
25 
20 
FIG .28 ARRHENIUS PLOT FOR MeOAc -HBr REACTION 
130 135 
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f Calculation of k 11 0 0 at 419 and 447 o 
From the kinetic model (Section Doc ) , the 
I 
magnitude of k 11 (k" = k 2 /k3 ) provides a comparison 
of the rate of decomposition of the i ntermediate, 11 Z11 
(proportional to k 3 ) with the rate of reaction of 
I 
methanol with 11 Z 11 (proportional to k
2 
) • 
Calculation of k 11 for individual runs is 
typified by the following example for a reaction at 
419°: 
0 p 0 = 230 . 3 m.m., p 
e a 
- 117.3 m.m. 
at t = 10 mins, the observed pressure increase, 
~PE, is 
~ pE - 18. 8 m. m. 
The rate equation for methyl acetate decom-
pos ition predicts a pressure increase of 3 . 4 m.m. for 
an initial pressure of 230.3 m.m., at t = 10 mins. 
Therefore, the true pressure increase, Ape, due to 
reaction of methyl acetate with hydrogen bromide is 
given by: 
.6.pc - 18 8 - 3 . 4 m.m. 
- 15. 4 m. m. 
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The rate express i on for the system is {Section De ) 
and at 419°, k = 0 89 x 10-4 2 min 
-1 
Substituting into the above equat ion yields 
k II -2 -1 
- 6 04 x 10 m.m. 
Similarly, at t - 20 mins., 
k II -2 -1 
- 11.2 x 10 m.m. 
A direct ratio of the reaction rates 
embodied in k 11 can be derived by considering: 
Rate of reaction between z and 
CH 3OH, at any time, t, 
Rate of decomposition of z, 
at any time, t, 
therefore 
k2 
k3 
let R 11 
and R 11 
1 
- k II 
- R2 
--
R3 
h 
- k 0 ~pt 
I 
- k 2 (Zt) (CH 3OHt ) 
Thus, R
11 
is a dimensionless quant i ty wh i ch is a rat io 
of the rate of decomposit i on of Z, to the rate of 
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reaction of methanol with z. For convenience, mean 
values of R11 after 10 and 20 mins. of reaction at 419°, 
and 5 and 10 . mins. 0 at 447 , are listed in Table 32 . 
TABLE 32. MEAN VALUES OF R'' AT 419° AND 44 7° 
No. of 
Runs 
8 
6 
Temp. 
419.0° 
446.8 
The value 
R II 
5.0 
0.42 
of k II should 
R
11
lO.O 
1.06 
0.69 
be a 
R
11
20.0 
2.11 
constant at any 
particular temperature, . order to be consistent with in 
the kinetic model. That a rather wide deviation (full 
details in Appendix III) . evident, at 419° be is I may 
a reflection on the large experimental error involved in 
the determination. 
Sources of error. 
1.) All the uncertainties present in the 
measurement of k 2 (Section D.d) were magnified when 
obtaining k 11 • The calculation of k" is extremely 
sensitive to the selected value of k 2 , e.g., for a 
10% increase in k 2 in the sample calculation above, a 
30% increase in k 11 results. 
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2.) No account is taken of the products of 
methyl acetate pyrolysis in the kinetic model. 
Consequently, this idealised situation, in which 
there is no interference from the decomposition 
products, would be in question if the following 
reaction, producing ketene, is of importance in 
the pyrolysis : 
In which case, 
a) hydrogen bromide would be removed by an 
additional reaction (Chapter I), 
fast 
Ch 2CO + HBr :> CH3 Br + CO 
b) the concentration of methanol, at any tiwe, 
in the ffiethyl acetate-hydrogen bromide system,' 
would correspond more closely to the observed 
pressure increase, ~PE, rather than the corrected 
pressure increase, ~Pc, as used in the calculation 
Of k II o 
Summary. 
Considering the low degree of precision 
available for determining k", the values for this 
0 0 factor are reasonably constant at 419 and 447 . 
147 
Two points are of value: 
1) the trend in R" is that it increases 
from c.095 to c . 1.6 as the temperature is lowered 
0 0 from 447 to 419 , 
2) the magnitude of R 11 is of the order 
of unity. 
An interpretation of these results is to be 
found in the following Results and Discussion. 
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(g ) Stoicheiometry 
A reaction profile showing variation in 
products and reactapts is essential to the elucidation 
of the stoicheiometry, and remains to be done o 
Methyl acetate (164.9 m.m.) and hY,drogen 
bromide (168.l m.m.) reacted for 46 mins o at 497 . 3°; 
pressure increase had effectively ceased after this 
period. Total pressure increase was 195.4 rn.m . 
On the basis of a reaction stoicheiometry: 
0 
the factor ~pf/pMeOAc should have a value of l O, 
( ~pf is the increase in pressure after 100% 
reaction) . For the run above, 
However, no conclusion can be drawn from this result 
as no information is available on the stoicheiometry of 
the pyrolysis of methyl acetate. This decomposition 
accompanies the reaction of hydrogen bromide with 
methyl acetate . 
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RESULTS AND DISCUSSION 
I 
The effec of added isobutene on the 
reaction of acetic acid with hydrogen bromide , is 
considered to provide evidence for the existence of a 
reactive, acetyl-type intermediate in the mechanism, 
(Chapter II . However, it is difficult to treat 
this system kinetically, due to accompanying, complex 
reactions of mesityl oxide, (Chapter II, Section H) . 
When acetic acid and hydrogen bromide 
react in the presence of methanol the overall effect 
appears much simpler than that observed in the 
presence of isobutene. 
Figures 22 and 23 show that added methanol 
causes an initial delay-time on the pressure-time 
profiles at 412° and 487°. Analysis of reaction 
mixtures, after terminating reaction during the 
delay-time (Part I, Section Da), shows that methyl 
acetate and water are the major products . 
Control experiments, (Part I, Section De show that 
most of the methyl acetate arises from some reaction 
other than direct esterification of acetic acid . 
Moreover, such a direct esterification would not 
lead to a delay- me, but rather a steady rate of 
pressure increase ~ 
If methanol is not sign~ficantly 
reacting with the reagents or products, and he 
evidence suggests chat it is not, then a reaction 
occurring between added methanol and an intermediate, 
11 z 1: explains the results . 
Within the delay-time, traces only of 
methyl bromide are formed . Further, no detectable 
permanent gas is produced in this period, and it 
appears that methyl acetate and water are the only 
significant products, (Part I, Section Da). 
Reaction mixtures obtained after the 
delay-time (Part I, Section Db), contain methyl 
bromide and permanent gas, presumably carbon monoxide, 
in large amounts, as well as methyl acetate and water o 
A reaction scheme which explains these results is 
shown below in Figure B : 
CH 3COOH 
Figure B 
1 
HBr~ Z 
2 
4 
products of 
pyrolysis 
5 
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Initially, methanol substantia ly s ppresse the 
forma ion of methyl bromide and carbon monoxide The 
reaction of methanol with the in ermed ate, "z'~ o form 
methyl acetate, (s ep 3) is consistent with the 
observed de lay -time as there is no pressure change 1n 
the transition from the reactants to the produc ts of 
step 3. Moreover, he absence of significant amounts 
of methyl bromide and carbon monoxide, in the early 
stages of r eaction, shows that reaction 5 is not 
effectively proceeding . Therefore , during the 
delay-time, the rate of reaction 3 mus t be faster than 
the decomposi tion of '' Z", (reaction 5 • That the 
length of the delay-time (Part I, Section Ca ) . is 
proportional to he initial pressure of added methanol, 
is further evidence that methanol plays a fundamental 
part in deterrn ' ning the delay-time . 
The correlation of this scheme with the 
pressure-time profiles depends upon methyl acetate 
not reacting in the early stages of reac tion to 
produce a s ' gnificant pressure increase . The validity 
of this assumpt on will be discussed later . 
Fig re 22 shows that, at 412°, the nitial 
delay- time is fo lowed by a region in which the pressure 
15 2 
increases a a ra e which is slower than hat in 
the subsequent por ion o the pressure-time profile, 
where the pressu e increase is approximately linear 
These observations are easily accommoda ed into the 
reac ' on scheme by he following points: 
i) As the concentration of methanol falls, 
the decomposition of "Z" (reaction 5) 
competes more effectively with the 
reaction of "Z" with methanol (reaction 
3), leading to an observed pressure 
increase ,. 
(ii Methyl acetate reacts with pydrogen 
bromide, in the temperature range 
420-490°, <Par II, to form methyl 
bromide, carbon monoxide and methanol; 
initially this reaction proceeds at a 
rate (by pressure increase) which is 
faster (c o wice) than that of acetic 
acid and hydrogen bromide ~ Thus, this 
process is beginning to contribute to 
he rate of pressure increase in the 
acetic acid-methanol-hydrogen bromide 
system . The explanation for the 
1 5 3 ,. 
rela ive stability of methyl aceta e 
during he elay-time, seems to lie in 
the effec of added methanol on the 
reac ion of me hy aceta. e with hydrogen 
bromide, (Par II, Section Db) " At 48 0 
' 
he ra e of pressure increase from reac ion 
of methyl acetate with hydrogen bromide, 1s 
substantially retarded by the presence of 
methanol o Moreover, the decrease in rate 
appears to be proportional to the initial 
pressure of added methanol (Figure 27a) . 
Extending this result to the conditions 
existing during the delay-time, in the 
ace ic acid-methanol-hydrogen bromide 
sys em , i is seen that, initially, 
a methyl acetate concentration is 
small, 
b me hanol · sin large excess over 
me hyl acetate. 
Thus, for he early sages of reaction in the acetic 
acid-methanol-hydrogen bromide system, the formation 
of methyl bromide and carbon monoxide from reaction 
of methyl acetate with hydrogen bromide (via steps 
4, 5, Figure B) may be effectively suppressed by the 
dominance of reac ion 3, (Figure B) . 
A third reaction which contributes to the 
pressure increase after the delay-time, in the acetic 
acid-methanol-hydrogen bromide system, is the pyrolysis 
of methyl acetate, Part II, Section B) 0 This reaction 
is not understood, but above 440°, the initial rate of 
decomposition (as measured by pressure increase) 
appears to obey a first order form. This kinetic 
treatment is based on a stoicheiometry in which two 
moles of products result from one mole of methyl acetate . 
The rate of reaction amounts to c.10% of the initial 
rate of the methyl acetate-hydrogen bromide system, and 
is reasonably well described by the 
-53,320 
RT 
e 
Arrhenius equation, 
-1 
sec. 
Figure B shows that the reaction between 
"Z' and methanol is reversible, and in the absence of 
other reactions would reach an equilibrium position. 
Due to the decomposition of 1~' in the reaction scheme 
a steady state condition rather than an equilibrium 
condition will apply = Since the reaction of methyl 
acetate with hydrogen bromide is of prime importance 
in the overall reaction scheme, this has been studied 
in some detail 
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Pressure-time profiles for the reaction 
of methyl acetate with hydrogen bromide are shown in 
Figure 26, and demonstrate that, at 419°, a marked 
fall-away in the rate of pressure increase occurs 
after the initial C n 2 minsa of reaction o The overall 
pressure change does not obey a second order form, 
with first order consumption of reagents o However, 
after correcting for the initial rates of methyl 
acetate decomposition, the initial rates are 
satisfactorily treated as first-order in each reagent ~ 
(Part II, Section Cc), and the rate constants so 
obtained are described by the Arrhenius equation: 
e 
-28,960 
RT -1 -1 
c.c ornole~ sec. 
The pressure-time data were also 
subjected to a k inetic analysis, assuming steady 
concentrations for "Z", (Part II, Section De) o The 
scheme is shown below n 
products of 
pyrolysis . 
k3 
> CH3Br+CO+CH30H 
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"Z" is a .reactive intermed ate and, as 
written here, is analogo s to the "Z" formed in the 
acetic acid-hydrogen bromide system ~ Be efly, k 2 s 
the second order ate constant obtained from init a l 
rates, when methanol concentration is small a At a 
particular time, , a ratio of the ra t e of the 
1 reaction of "Z" with methanol (rate constant k'"' ), to 
L. 
the rate of decompos ' tion of "Z" (rate constant k 
3 
is expressed in the factor R" (Part II, Section Df), 
where R" (CH OH). At 419°, the magnitude 
of R" is c . l at t = 10 min, and c.2 at t = 20 min, 
(Table 32) . Two important points are held in these 
results : 
(i) The magnitude of R" is of the order of 
unity, which shows that the reversal to 
reagents (rate constant k 2
1 ) is important, 
(ii) Table 32 shows that R" increases from zero 
to 2 as the reaction proceeds from t - 0 
tot= 20 min . This clearly shows that 
the rate of reaction of "Z" with methanol 
becomes increasingly important with 
reaction time, and accounts for the 
progressive fa -off in ~ as the reaction 
dt 
l 
time increases . This result ties in 
with the pressu e-time curves obtained 
when approac hing the reaction s c heme in 
Figure B from the acetic acid - hydr ogen 
bromide-methanol direction, and assuming 
"Z" to be common to both systems . 
0 Similar y, at 447, the value of R" 
15 7 
increases from c ~0o4 at t = 5 mino to C o 0 . 7 at t = 10 
. 
min. This lower value for R" at 447°, compared with 
that at 419°, is in accord with the assumed reaction 
scheme in Figure B. The trend in R" with changing 
temperature, implies that the rate of the unimolecular 
decomposition of "Z" becomes more significant, in 
relation to the bimo l ecular reaction of "Z" with 
methanol, as the temperature is raisedo 
Nature of Intermediate, Z 
The effect of added methanol on the 
reaction of acetic acid with hydrogen bromide, 
. 36-40 
complements the results obtained by Cross and Stimson, 
for the hydrogen bromide catalysed decompositions of 
tertiary acyl compounds in the presence of alcohols, 
(see Introduction) . 
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If added methanol is reacting with an 
intermediate, and the evidence suggests i t is, then 
· n terms of a polar mechanism the transition states V 
and Vl are applicable . 
Br 
V Vl 
Recent studies on the behaviour of 
similar species, in solution are of interest . Olah 
et a1
79 
have investigated the n.m.r . spectra of 
certain aliphatic carboxylic acids in the strongly 
acidic medium of fluorosulphonic acid - anitomony 
hexafluoride, with liquid sulphur dioxide as diluent . 
Signals ascribable to both the protonated species of 
the carboxylic acids and the corresponding acylium 
ions have been detected . Kinetic measurements 
carried out on reactions of the type 
show that a first order form is obeyed . Arrhenius 
parameters for the various acids, and the 
80 corresponding reaction for methyl acetate, are 
shown below in Table 33 . 
-(2 
., 1 
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TABLE 33 ARRHENIUS PARAMETERS FOR REACTIONS 
OF TYPE ( 2) 
Compound E -1 L t;' -1 (cals "mole ) A , h1 C ~tl, 
methyl acetate 23,140 8 " 8 X 1013 
acetic acid 16,800 2 . 1 X 1010 
pivalic acid 16,400 6 . 3 X 10 9 
propionic acid 15,300 1.3 X 10 9 
isobutyric acid 15,200 l e l X 10 9 
The importance of these results to this 
discussion is the relative constancy of the activation 
energies for the reactions of the acidso This is 
also observed for the gas-phase reactions of the same 
acids with hydrogen bromide (Table 1) . In solution, 
the activation energy for the methyl acetate system, 
(Table 33) is higher than that observed for the acids, 
( c. 6 k . cal s) . This contrasts with the results for 
the gas-phase reactions of hydrogen bromide with 
acetic acid and methyl acetate. In this case, the 
latter reaction has an activation energy c . 1 . 4 k cals ~ 
less than that for the corresponding acetic acid 
system. Thus, any analogy with the behaviour of the 
acids in solution and the gas-phase, does not extend 
to methyl acetate . 
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APPENDIX I 
Runs of Ace tic Acid with Hydrogen Bromide 
Temperature 412 .. o0 Temperature 424 .. 4 0 
- --
0 0 
k2 
0 0 k2 PHBr PHOAc PHBr PHOAc 
-1 ( c . c ., mo le-1 (m . m. ) (m. m. ) (m. m. ) (m.m . ) (c . c .. mole 
-1 
sec 1 ) sec .. ) 
26 . 4 210 . 8 103 51.8 213. 0 166 
53.6 114.0 96 58.9 41 . 9 140 
58.9 166 .. 1 112 67 .7 138 . 1 136 
68 . 5 202.5 75 68 . 4 119 . 0 132 . 
I 
75 .1 189.0 90 75 . 2 134 . 4 14 0 
147.1 31.6 91 89.8 62 "3 133 
148.9 155 . 5 92 99.4 44.6 147 
172.8 71.8 105 100.0 205 . 5 149 
175.1 154.5 83 103.8 3 8 . 2 138 
219.1 179 . 1 84 158.0 49 .. 4 133 
Mean 93 168.4 14 4 . 6 128 
199.0 294 . 2 136 
242.1 82 . 4 120 
--
Mean 138 
~ I 
..... 
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Runs of Acetic Acid with Hydrogen Bromide 
Temperature 433 . 0° Temperature 442 . 2° 
0 0 k 0 0 k2 PHB r PHOAc 2 
-1 PHBr PHOAc 
-1 (m m. ) m. m.) (c . c ~mole ., (m. m. ) (m . m. ) (c . c . mo le 
-1 
-1 sec ) sec .. ) 
37 . 9 112.9 201 42 .2 115.1 241 
41.0 82 6 173 50 . 2 115 ., 4 242 
47.9 l Ool 1 84 55.2 30 '" l 208 
56 . 6 103 . 6 188 57.3 100.7 234 
67.0 11309 180 63.3 111.3 228 
74.8 49 . 7 165 65.2 49 . 4 233 
115.7 117 . 2 192 67.2 126 03 236 
--
Mean 183 68.6 64 o0 223 
83ol 119 . 4 226 
--
Mean 230 
• I 
. 
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Runs of Acetic Acid with Hydrogen Bromide 
Temperature 
0 
PHBr 
(m. m. ) 
44.7 
53.3 
57.5 
68.6 
119.6 
147 . 3 
181.7 
0 
PHOAc 
(m . m . ) 
131 .3 
123 . 2 
44 . 9 
108 . 9 
91.1 
88 . 9 
26 . 8 
452 ., 3° 
k2 
-1 (C oe . mole ,, 
-1 
sec . ) 
342 
369 
363 
33 7 
345 
33 6 
319 
Mean 344 
Temperature 462 . 8° 
0 0 k2 
PHBr PHOAc 
-1 (m ., mft ) (m. m. ) (c o C omole 
-1 
sec o ) 
43.5 71. 6 439 
52 0 104.5 423 
55.0 79.5 43 3 
106 . 9 118 . 1 472 
--
Mean 442 
Temperature 457 . 2° 
72.3 
79.8 
93.9 
116 . 4 
152 . 1 
0 
PHOAc 
(m om . 
92 . 3 
93.8 
41 . 5 
72 . 2 
80 . 4 
Temperature 
0 0 
PHBr PHOAc 
(m . m. ) (mom.) 
40 ol 119 04 
52.5 131.0 
57.1 116 .. 0 
76.1 126.0 
92 . 4 92 . 4 
128.1 126.9 
-1 (co c ., mo le " 
Mean 
-1 
sec o 
3 85 
366 
345 
372 
382 
--
370 
474 . 4° 
k2 
(c. c "mole o 
-1 
sec . 
541 
638 
544 
652 
630 
596 
-
. 
-1 
Mean 600 
I 
1 6 3 ~ 
Runs of Acetic Acid with Hydrogen Bromide 
0 Temperature 48 70 4 
0 0 k2 
PHBr PHOAc 
(m .. m. ) (m. m. ) (c .. c "mole . 
-1 
sec ., ) 
25.6 59 .7 75 0 
34.0 75.2 874 
40 . 4 174 . 2 746 
42 . 4 120 . 1 965 
42 . 6 146 . 9 903 
52 . 9 140.7 852 
65.5 128 . 0 808 
-1 
0 0 k2 
PHBr PBOAc 
(mom .) m. m.) (c. c . mole 
-1 
sec . 
80.3 94 .7 884 
86.1 118 . 9 926 
86.6 136 4 738 
103.3 19o4 750 
117.9 36 . 1 738 
157.3 79.9 867 
Mean 831 
-1 
Runs on Acetic Acid with Hydrogen Bromide - Packed Vessel , 
Temp. 0 p HBr 
(m. m. 
483 . 2° 32.8 
483.2 83 8 
483 . 2 227.5 
407.8 178 05 
407.8 193.3 
0 
p HOAc 
(m. m. ) 
116.1 
123.9 
133 .1 
261.5 
131.0 
k2 
-1 -1 (c.c . mole sec ) 
839 
836 
644 
Mean 773 
74 a2 
71 . 7 
Mean 73 
16 5 
Runs on Acetic Acid - Nitric Oxide - Hydrogen Bromide . 
Temp, k2(HOAc/HBr) 
-1 -1 (c.c.mole sec ) 
441.6° 230 
441.6 230 
441.6 230 
441.6 230 
441.6 230 
487.4° 870 
487.4 870 
487 . 4 870 
487.4 870 
487.4 870 
48 7. 4 870 
495 . 2° 1005 
495.2 1005 
0 
p HOAc 
(m. m. ) 
140 . 9 
1 24.8 
229 .1 
132.0 
189.5 
118.5 
114.1 
108.5 
102.3 
127.8 
67 . 2 
161.6 
115.4 
0 0 
p NO p HBr 
(m. m. ) (m. m. ) 
24 . 5 144 . 9 
32.4 66.l 
72 . 6 91.3 
102.5 101.2 
138 .5 140.5 
11.0 21.3 
21 . 6 7 8 . 8 
30.9 57.0 
33.6 63.6 
42 . 6 68 . 1 
98.3 116.0 
141.2 68.2 
156 . 6 43.7 
-1 -1 (c.c . mole sec ) 
219 
218 
239 
239 
240 
Mean 231 
922 
951 
922 
978 
942 
940 
Mean 94 3 
1180 
1150 
Mean 1165 
166 " 
APPENDIX II 
Runs on HOAc-i'bene-HBr at 466 . 6° - U.V . Analisis for 
Mesityl Oxide in Methanol Solvent. 
0 
p HOAc 
(m.m.) 
163.8 
125.6 
107.2 
0 
P i'bene 
(m. m. ) 
96.0 
110 . 4 
121.8 
0 
p HBr 
(m. m. ) 
56.2 
87.0 
83.0 
Reaction 
Time, t 
(mins.) 
9 . 35 
12 30 
9 . 05 
Runs on Mesityl Oxide Decomposition . 
0 4 0 Temp, p k 1xl0 Temp. p M.O . M. O. 
(m. m. ) -1 (sec. ) (m . m. ) 
447.0° 74 . 2 2 . 0 455 . 2° 110 . 5 
447 . 0° 88.0 1 . 6 455 . 2° 120 . 5 
455.2° 82.4 2 . 0 455 . 2° 128 .7 
455.2° 84 . 5 2 . 3 455 . 2° 146 . 1 
455 . 2° 
Mean 
96.0 2 . 2 
455.2° 105 5 2 . 3 
A Pt 
(m . m. ) 
20 .. 6 
28 . 8 
17 . 7 
k 1x 1 0 
4 
(sec-1 ) 
2 . 6 
2 o0 
2 . 5 
2 . 6 
2 . 3 
Runs on Mesityl Oxide Decomposition . 
0 4 0 4 Temp. p k 1xl0 Temp .. p k 1xl0 M.O., M. O,, 
(m . m. ) -1 ( sec ) (m .. m. ) (sec - 1 ) 
474.2° 57.5 8 .. 6 486.7° 108 . 5 14 .. 4 
474.2° 64.1 8 .. 5 486.7° 109 . 5 14 . 5 
474.2° 69.0 7 . 7 486.7° .13 6 .. 5 16 . 0 
Mean 8 . 2 Mean 14 ., 4 
486.7° 69 . 1 12 . 7 496.9° 63 o5 25 
486.7° 93.5 16o0 496.9° 65 .. 5 24 
486 . 7° 96.0 14 n2 49609° 68 07 22 
486.7° 100.0 15 . 3 496.9° 100 . 7 25 
486 . 7° 102.5 14 . 3 496.9° 155.5 29 
Mean 25 
486.7° 105 .. 5 13.0 
I 
Runs on Mesityl Oxide with Hydrogen Bromide . 
Temp, 0 p HBr 
0 
p M. O 
(m . m. (m. m. 
426.0° 253.1 11 3 .. 5 
426 . 0° 215 . 6 114 . 7 
426.0° 233 .5 12 . 8 
426 . 0° 256.8 133.9 
441.0° 262 .1 136 . 4 
441.0° 223.8 137 . 3 
441.0° 294 .7 139.3 
441.0° 122.9 161. 5 
455.2° 128 .3 105 7 
455 . 2° 240.3 126 04 
455.2° 96 .3 134 . 9 
455 .2° 234.2 132 05 
455.2° 193.2 139 . 1 
"k ,.a 
2 
(c.c mole- sec-1 ) 
1 8 
13 
21 
13 
Mean 16 
19 
37 
31 
34 
Mean 30 
138 
59 
172 
58 
89 
Mean 103 
k b 
2 
16 8 ,, 
-1 -1 (c . c . mole sec ) 
13 
8 
14 
8 
11 
4 
18 
17 
5 
IT 
52 
26 
65 
23 
40 
Mean IT 
a. "k 2 " is second order rate constant calculated from pressure-time profiles . 
b . k 2 is second order rate constant after correcting for 
mesityl oxide decomposition . 
APPENDIX III 
Runs on Methyl Acetate Decomposition 
Temp. 
419.0° 
II 
II 
" 
II 
446.8° 
II 
483.3° 
II 
0 
PMeOAc 
(m. m. ) 
93.4 
167.2 
217.3 
249.4 
309.4 
114.5 
240.1 
235.2 
248.0 
Mean 
Mean 
Mean 
5 kl X 10 
-1 (sec. ) 
2.1 
2.6 
2.6 
2.6 
2.5 
2.5 
11.0 
9.2 
10.l 
64 
67 
66 
169. 
170. 
Runs on Methyl Acetate with Hydrogen Bromide 
a b C 
0 0 
SD SE k 2xio
4 
Temp. PMeOAc PHBr Mean k 2 (m. m. ) (m. m. ) (m. m. -1 (m. m. (m. m. 
-1 ( C. C. 
-1 min. ) -1 
min. ) min. ) 
mole. -1 
-1 
sec. ) 
419° 61.5 160.5 2.0 1.00 
II 134.0 155.9 2.1 0.99 
II 155.0 179.2 2.0 0.72 
II 163.0 200.9 2.1 0.65 
II 230.3 117.3 2.0 0.75 
II 254.3 103.6 2.4 0.92 
II 260.9 97.1 2.4 0.94 
II 281.2 87.6 2.3 0.92 
II 325.1 52.0 1.9 1.09 
Mean 0.89 149 
446.8° 64.6 243.4 0.36 4.0 2.21 
II 111.8 297.2 0.66 7.2 1.97 
II 142.5 149.5 0.84 5.2 1.87 
II 183.2 125.4 1.08 6.0 2.12 
II 246.9 155.2 1.00 9.8 2.16 
II 249.3 233.7 1.50 12.2 1.84 
Mean 2.03 350 
171. 
Runs on Methyl Acetate with Hydrogen Bromide 
Temp. 
459.5° 
II 
II 
II 
II 
474.8° 
II 
II 
II 
483.3° 
II 
II 
497.3° 
II 
0 
PMeOAc 
(m. m. ) 
241.5 
243.6 
248.4 
250.4 
256.9 
115.6 
127.0 
148.7 
276.8 
119.6 
145.2 
342.0 
164.9 
199.2 
0 
PHBr 
(m. m. ) 
155.7 
164.4 
104.6 
142.1 
114.1 
264.4 
250.5 
230.8 
164.7 
275.9 
252.3 
87.5 
168.l 
112.8 
a 
SD 
(m. m. 
-1 
min. ) 
2.9 
2.9 
3.0 
3.0 
3.1 
2.8 
3.0 
3.6 
6.6 
4.7 
5.7 
13.5 
b 
SE 
(m.m. 
-1 
min. ) 
11.0 
13.2 
12.1 
11.0 
11.1 
C 4 
k 2xl0 
-1 (m.m. 
-1 
min. ) 
3.20 
2.57 
3.47 
2.63 
2.76 
Mean k 2 
-1 (c.c.mole. 
-1 
sec. ) 
Mean 2.93 514 
14.5 
16.0 
21.0 
20.0 
20.5 
38.0 
30.0 
3.82 
4.09 
5.02 
2.94 
Mean 3.96 709 
4.79 
4.45 
5.49 
Mean 4.91 886 
1280 
1497 
Mean 1389 
a. Initial slope for methyl acetate decomposition (calculated) 
b. Initial slope of pressure-time profile. 
c. Second order rate constant, corrected for methyl acetate 
decomposition. 
172. 
Runs in which k II and R'' were calculated 
Temperature 419° 
0 0 Reaction a b Run PMeOAc PHBr 
.6.p t t II II time, t ~p k xl0 R (m.m.) (m.m.) (mins.) E C (m.m.) (m.m.) -1 (m.m. ) 
4a 61.5 160.5 10 7.6 6. 7 0.93 0.62 
4b 134.0 155.9 II 13.7 11.7 0.33 0.39 
4c 155.0 179.2 II 13.2 10.9 1.57 1.71 
4d 230.3 117.3 II 18.8 15.4 0.64 0.99 
4e 254.3 103.6 II 17.7 13.9 0.80 1.11 
4£ 260.9 97.1 II 15.7 11.8 1.64 1.94 
4g 281.2 87.6 II 16.8 12.6 0.87 1.10 
4h 325.1 52.0 II 14.9 10.1 0.57 0.58 
Mean 1.06 
4a 20 11.2 9.4 1.31 1.23 
4b II 20.6 16.6 1.60 2.66 
4c II 20.l 15.5 1.44 2.23 
4d II 25.9 19.2 1.12 2. 15 
4e II 27.5 20.0 0.98 1.96 
4£ II 24.1 16.4 1.75 2.87 
4g II 26.4 18. 0 1.35 2.43 
4h II 24.0 14.4 0.92 1.32 
Mean 2.11 
17 3 . 
Runs in which k" and R" were calculated 
Temperature 446.8° 
Run 0 PMeOAc 
(m.m.) 
Sa 64.6 
Sb 111.8 
Sc 142.5 
Sd 183.2 
Se 246.9 
Sf 249.3 
Sa 
Sb 
Sc 
Sd 
Se 
Sf 
a. 
b . 
~P t is 
E 
~P t is 
C 
0 
PHBr 
(m.m.) 
243.4 
297.2 
149.5 
125.4 
155.2 
233.7 
II a t b t 
Reaction ~PE ~Pc 
time, t 
k xlO II 
R (mins .. ) (m.m.) (m.m.) -1 (m.m. ) 
5 
" 
II 
" 
" 
II 
10 
II 
" 
II 
" 
" 
15.8 13.9 0.01 0 . 01 
27.2 23. 8 0 .3 8 0 . 90 
24.8 20.5 (-0.08 ) (-0.16 ) 
24.3 18.8 0.06 0 . 11 
36.9 29.5 0.08 0.24 
43.0 35.5 0.58 2.06 
23.6 19.9 
41.0 34.4 
34.8 26.4 
37.6 26.8 
55.5 41.0 
62.3 47.6 
Mean 0.42 
0.27 
0.29 
0.09 
0.28 
0.22 
0.43 
0.54 
1.00 
0.24 
0.75 
0.90 
2.05 
Mean O. 6 9 
the observed pressure increase after reaction 
time, t $ 
the pressure increase, corrected for methyl 
acetate decomposition, after reaction time, t 
174. 
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